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ABSTRACT
Ag nanostructures of multilayer coverages (< 30 monolayers) epitaxially selfassembled on Cu(110) and Ni(110) have been explored by scanning tunneling
microscopy (STM), angle-resolved photoelectron emission spectroscopy (ARPES), and
low energy electron diffraction (LEED). We have studied varied nanostructure
morphologies self-assembled depending on different deposition/annealing processes and
coverages, their atomic structures, growth behaviors and mechanisms, and the electronic
structures of nanowires.
At nominal coverages of 1.2 ML < θ < ~10 ML, there are two epitaxial structures
on Cu(110) and Ni(110). One is a Ag(110) multilayer film, which has a superstructure
with lateral periodic units of eight and three/four substrate lattice constants along [1̄10]
and along [001] respectively. Another is that of Ag(110) nanowires surrounded by
pseudohexagonal Ag(111) monolayer. The Ag(110) nanowires are triangular in cross
section. The two side surfaces are faceted and the long axis is atomically straight along
[1̄10]. Typical lengths are within the range of 100 ~ 5000 Å, widths 70 ~ 300 Å, side
slopes 10 ~ 30º, and heights 5 ~ 60 Å. The Ag nanowires present extraordinary
anisotropy with observed aspect ratios (length:width) of up to 20:1. The Ag(110)
nanowires are in-registry with the substrate along [001], but not along [1̄10].
At coverages of

~ 10 ML < θ < ~25 ML, there also exist two different

nanostructures, the nanowires and a Ag(110) atomically-flat film with some pits as deep
as down to the substrate and a one-dimensional quasiperiodic superstructure along [001].
There are two basic separations of the superstructural stripes: one is three lattices wide
(~11 Å) and the other is two lattices wide (~7 Å). Both of nanostructures are stable at
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temperature up to at least 200 °C and not inter-transformable. The growth of the
nanowires is driven by the elastic strain mechanism, but the growth of the atomically-flat
film is driven by electronic growth mechanism originated from the electron quantum
confinement in the vertical direction of the film. The ARPES of the nanowires shows
dispersion in the vertical and the [1̄10] directions, but no dispersion in the [001] direction
because of the limited width (~ 200 Å).
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CHAPTER 1. GENERAL INTRODUCTION

Our studies of the epitaxial growth of Ag multilayers on Cu(110) and Ni(110) are a
natural extension of the former research topics of our group. The Ag/Cu(110) system
with nominal Ag coverage up to 30 monolayers (ML) was first studied by Taylor using
low-energy electron diffraction (LEED) and high-resolution medium energy ion
scattering (MEIS) a decade ago [1-3]. The initial scanning tunneling microscopy (STM)
studies of the Ag/Cu(110) and Ag/Ni(110) at submonolayer coverages were performed at
University of Aarhus, Denmark, by one of our group members, Dr. Sprunger, cooperating
with his colleagues in Denmark [4]. Later, the submonolayer Ag/Cu(110) were studied in
more detail with both STM and angle-resolved photoelectron spectroscopy (ARPES) in
our group at Louisiana State University [5-8].
Studies of the submonolayer/multilayer Ag/Cu(110) system reveal that the
morphologies and electronic structures vary with the Ag coverages in both the
submonolayer and the multimonolayer regions. At very low coverage of θ < 0.4 ML, the
Ag atoms substitutionally alloy into the Cu surface layer and form a surface-alloy phase,
despite the fact that Ag is bulk immiscible with Cu and does not alloy. This surface alloy
is found to have a two-dimensional-like electronic structure along the [001] direction for
the Ag 4d-electron states, and a one-dimensional structure along the [1̄10] direction. At
coverages of 0.4 ML< θ < 0.65 ML, a de-alloy phase transition occurs and an Ag dimerand trimer-chain structure along the [001] direction forms with alloyed Ag atoms
confined in between the chains. For this phase the electronic structure becomes threedimensional. For higher coverage of 0.65 < θ < 1 ML (where the unit of 1 ML is defined
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by the substrate Cu(110) surface atom density = 1.09 × 1015 atoms/cm2), the dimer- and
trimer-chains coalesce and develop into a broader and more ordered striped structure. The
Ag 4d-electronic structure behaves one-dimensionally along the stripes, or the [001]
direction, and the electron structure behaves two-dimensionally along the direction
perpendicular to the stripes, or the [1̄10] direction. This occurs due to the strong
interaction between Ag-Ag along the [1̄10] direction and the hybridization of Ag sp- and
Cu 3d-states along the vertical direction [4-8].
The work described here evaluates the atomic and electronic structures that Ag
forms on Cu(110) and on Ni(110) at coverages exceeding 1 ML. We will show that
fascinating anisotropic surface structures arise. The anisotropy is, in part, due to the 2fold symmetry of the substrate that gives rise to unique lattice matches and the
mismatches for Ag on Cu(110) and Ni(110).
Some features of the Ag/Cu(110) and the Ag/Ni(110) systems will help us to
understand the growth of the nanostructures. At first, the Ag has lower surface free
energy than Cu and Ni, and the Ag is immiscible with Cu and Ni in bulk, therefore the
Ag will tend to keep on top and cover the whole surface of the substrate. The large lattice
mismatches, that the Ag lattice constant is 11% larger than that of Cu and 14 larger than
that of Ni, will be difficult for Ag to grow lattice-coherently on the substrates. The
anisotropy of the atom spacing in the two symmetrical directions of [1̄10] and [001] will
be expected to result in anisotropic Ag nanostructures. And the similar lattice constants of
Cu (3.617 Å) and Ni (3.525 Å) will let us to expect to obtain similar nanostructures on
the different substrates.
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At a coverage of 1.2 ML, we will show that the Ag atoms form a saturated
overlayer, forming one atomic layer of pseudohexagonal Ag(111), which will be
discussed in detail in Chapter 3. The Ag(111) is the result of a further coalescence of the
Ag stripes when the coverage is at range of 0.65 ML < θ < 1 ML. The photoemission
studies of the Ag(111) overlayer on Cu(001) demonstrate that the interlayer Ag-Cu
bonding is very weak compared to the intralayer Ag-Ag interaction. For this reason, the
Ag 4d-state band structure behaves two-dimensionally laterally in the plane. At higher
coverages of 1.2 ML < θ < ~10 ML, Ag(110) nanowires can be formed in the presence of
Ag(111) on Cu(110). This results in Ag completely covering the surface of Cu(110),
either in the form of the Ag(110) nanowires or the Ag(111) monolayer. The Ag(110)
nanowires are triangular in cross section, with average side slopes angled at 25°. The two
side surfaces are faceted and the long axis is atomically straight along the [1̄10] direction.
At coverages of ~ 10 ML < θ < ~25 ML, there are two different morphologies for the Ag
overlayer, either the coexistence of the Ag(110) nanowires with an intervening Ag(111)
monolayer, or an atomically-flat Ag(110) film. The morphology that forms depends on
the deposition-annealing process used, which will be discussed in Chapters 3 and 4.
When deposited at a substrate temperature of 25 °C ~ 200 °C, the Ag atoms form the Agnanowires; but when deposited at the substrate temperature of < -5 °C followed by
annealing at 100 °C ~ 200 °C, the Ag(110) atomically-flat film forms. Photoemission
studies of the Ag(110) nanowires reveal that the band structure is two-dimensional in the
vertical plane along the nanowire or [1̄10] direction, but one-dimensional perpendicular
to the wire, in the vertical plane along the [001] direction.
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As shown in the above description of Ag/Cu(110), a simple system, with only two
atomic constituents, can present a tremendous diversity of structures and properties. It is
a typical example that shows the range of unexpected phenomena that the laws of nature
can provide in the nanometer scaled world. In fact, in recent years, there are more and
more intense research activities exploring nanoscale phenomena, mostly interdisciplinary
in nature, covering many science and technology areas of physics, chemistry, biology,
and medicine [12-14]. Seeing the complexity that we have found in this simple
combination of two elements, it is easy to expect that the wide spread applications of new
findings in the nanoscale world will dramatically change human life in the near future. In
recent years, development of scientific instruments, such as the local probe techniques of
STM, atomic force microscopy (AFM), magnetic force microscopy, etc., has enabled the
direct observation and atomic manipulation of the nanoworld, and effectively accelerates
the advance of humanity into the nanoworld.
The growth of the multilayer Ag/Cu(110) and Ag/Ni(110) is a kind of epitaxial selfassembly. The self-assembly (including epitaxial and non-epitaxial) of nanostructures is
an attractive topic in nanoscience [12]. The concept of self-assembly is also called the
bottom-up approach of nanostructure fabrication, in contrast to lithography which is a
top-down approach [15-19]. The self-assembly studies are truly an exploration to find the
bottom-up building blocks of the self-assembled nanoscale components, and the ways in
which to integrate these nano-components. The Ag nanowires are 0D islands when short
and 1D wires when long, while the atomically flat films are 2D. All of these structures
are good systems for further theoretical studies of the growth mechanism and properties.
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Our research of the multilayer Ag/Cu(110) and Ag/Ni(110) nanostructures is one of
the many explorations of the nanoworld using surface science instruments and methods.
The major methods we used are STM and ARPES, taking advantage of ultra-high
vacuum (UHV) and synchrotron radiation techniques. We focus our studies on the
discovery of nanostructures that can be formed naturally by taking advantage of kinetic
limitations that are found in the nanoscale realm. The new structures form far from
thermodynamic equilibrium, yet are stable under the conditions that we need to
characterize them. The growth behaviors and mechanism, and the corresponding novel
properties of the novel structures, such as the electronic structures, are the core of the
information that we hope will allow us to better understand the nature of nano.
Although we have not focused on applications of the nanowires that we report on
here, one can imagine that they would have unique properties that could impact a broad
range of areas of science and technology. With metallic wires with high aspect ratios,
there will clearly be anisotropic optical properties giving rise to unique light polarization
responses. Furthermore, the surface chemistry of these nanowires may prove to be
interesting, particularly if excitations of anisotropic plasmons were found to couple to
external molecules. We expect that the future will bring interesting results, and that the
discoveries reported here will help enable future advances by providing them with the
fundamental building blocks and recipes for these nanowires.
In this dissertation, we describe briefly in Chapter 2 the experimental principles and
major instruments we have used in our experiments. The experimental results and
relevant discussions are presented in Chapters 3 to 5. Chapter 3 describes the growth and
atomic structure of Ag nanowires on Cu(110) and on Ni(110) studied by STM; while

5

Chapter 4 is about the growth and atomic structures of the atomically-flat Ag films on
Cu(110) and Ni(110). Finally, Chapter 5 describes the electronic structures of these
different structures of the Ag/Cu(110) nanowires studied by ARPES.
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CHAPTER 2. EXPERIMENTAL PRINCIPLES AND INSTRUMENTATION

In this Chapter, the principles behind the various experimental techniques used will
be discussed. In section 2.1 we discuss scanning tunneling microscopy (STM); in section
2.2 the principles behind low energy electron diffraction (LEED) are presented. Section
2.3 presents the fundamental properties of the angle-resolved photoelectron spectroscopy
(ARPES) approach for measuring electronic structure, with specific application to
electronic dimensionality. Also discussed in that section are the beamlines used at the
LSU Center for Advanced Microstructures and Devices (CAMD) synchrotron light
source as well as the instrumentation used to make the measurements.

2.1. Scanning Tunneling Microscopy (STM)
2.1.1. Principle of STM
The scanning tunneling microscope (STM) was introduced in 1981, and is capable
of imaging individual atoms [1]. The inventers of the STM, G. Binnig and H. Rohrer,
were awarded with the Nobel Prize in Physics in 1986 [2], this remarkably short time
between discovery and a Nobel attesting to the tremendous importance of the technique.
The STM is one of a family of scanning probe microscopes (SPM) and an invaluable tool
in surface science studies [3-8]. In 1986, Binnig invented another SPM, the atomic force
microscope (AFM), which is also another important member of the SPM family and
commonly used today [9-11].
Through the very end of a sharp tip, a material’s surface is locally probed in atomic
resolution by sensing either tunneling current (STM), atomic force (AFM), or other

8

parameters. Since it involves charge transport, the STM requires conducting surfaces,
such as metals or semiconductors, but it can be used to image a few monolayers of
insulators on a metal substrate. The AFM is free from the requirement of conducting
samples and most of the instruments are operated in ambient conditions. However, a
certain degree of smoothness of the surfaces seems to be crucial for AFM to obtain
atomically-resolved images. The STM, on the other hand, is not only used as a
microscope to study surface atomic structure, it is also used as a scanning tunneling
spectroscope (STS) to study electronic structures [3-5], as a spin-polarized scanning
tunneling microscope (SP-STM) [12], and even as a nanometer-scale tweezers to perform
atom and molecule manipulation [3-4, 13-14].
Since we are interested in imaging a surface free from additional atmospheric atoms,
we usually operated the STM within an ultrahigh vacuum (UHV) chamber. If a sample is
exposed to 10–6 Torr of a gas for 1 second, a monolayer of adsorbed molecules will form,
if they all stick. For this reason, we typically operate at 10–10 Torr where it would take
104 seconds (2.7 hrs) to form a monolayer. Usually sticking coefficients are lower so that
this gives us enough time to carry out an experiment before a surface changes
significantly. For high-resolution images on metals, the experiments are, in most cases,
performed in a low temperature environment (- 170 ºC) to reduce atom mobility.
A typical STM setup is shown in Fig.2.1 [15]. The most commonly used imaging
mode is the constant current mode. A feedback loop adjusts the tip vertical or z-position
by applying voltage on the piezoelectric tube to keep the tunnel current constant, and the
lateral scan in the x- and y- coordinate directions is realized by applying voltages to the
side electrodes of the piezoelectric tube. The x-y-z positions expressed by the
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Fig. 2.1. Illustration of a scanning tunneling microscope (STM)
setup. Courtesy of M. Schmid [15].
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corresponding voltages represent, in many cases, surface contour of constant local
density of electronic states. The piezotube and the electronics are core components of the
STM, through which the surface corrugation in sub-nanometer scale is probed through
electro-mechanical feedback.
Tunneling is a quantum-mechanical phenomenon in which a particle can penetrate a
potential barrier when the penetration is forbidden classically, as shown in Fig.2.2 [2].
Fig.2.2(a) shows the wave function of a valence electron in the Coulomb potential-well
formed by the atom core. If the electron is on a surface atom, as shown in Fig.2.2(b), and
exposed to an electric field that raises the Fermi level above the vacuum potential level,
the electron has finite probability for tunneling through the potential barrier and can
escape from the atom. This does not require the electron to be promoted an energy level
higher than the potential barrier. Fig.2.2(d) shows the energy levels of two metals close to
each other within atomic-scale distances. A voltage V is applied between the two metals.
This lowers the Fermi energy of the positively-biased metal (the right-hand side in
Fig.2.2(d)), and provides empty states for the electrons to tunnel into, through the
potential barrier, from the other negatively-biased metal (the left-hand side in Fig.2.2(d)).
Similar tunneling occurs when one of the electrodes is a semiconductor.
The tunneling current, as a first approximation, is of the form

IT ∝

V
exp(− Kd φ )
d

(2.1)

where V is the bias voltage, d is the distance between the atoms of the very end of tip and
the surface, φ is the average tunnel barrier or work function, and K is a constant with a
value about 1.025 Å-1 (eV)-1/2. For typical average work function φ =4 ~ 6 eV, the tunnel
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Fig. 2.2. Schematics for electron tunneling through the Coulomb
potential barrier [2].
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current IT , which is measurable for distances, d of several nanometers, decreases rapidly
by an order of magnitude when d increases by only 1 Å. Therefore the frontmost atom of
the tip carries most of the tunnel current and a local probe with atomic dimensions is
naturally guaranteed [2-4, 6].

2.1.2. Aarhus-Type STM
The STM used in our experiment was designed and constructed by colleagues of the
Scanning Probe Microscopy (SPM) group, formerly the experimental part of the Center
for Atomic-scale Materials Physics (CAMP), at the University of Aarhus in Denmark
[16-17]. The Aarhus-type STM design were also described in former dissertations from
our group [18-19].
The STM head or STM, shown in Fig.2.3, is a very small and rigidly constructed
instrument completely controlled by electrical signals [17, 20]. The STM head is housed
in an aluminum block or cradle weighing 0.6 kg. The STM in the Al cradle and all other
components, such as vibration isolation, electrical feedthroughs, and liquid nitrogen
feedthroughs, are integrated on an 8˝ OD Conflat flange, which is then mounted in a
UHV chamber. The sample, together with the Al cradle, which is used as a cooling block,
can be cooled or heated in the range of -160°C ~ 100°C during scanning. The z-axis
coarse approach has a range of 3 mm. The scanned images have a maximum size of
15000 Å, a maximum frame size of 512×512 pixels, and a minimum scan speed of 10000
pixels/sec. The vertical resolution is better than 0.1 Å, and the lateral resolution, with
smaller scan sizes on clean metal surfaces, is better than 1 Å. The small design of the
STM aims to produce only high resonance frequencies within the structure. The measured
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Fig. 2.3. Cross section of the Aarhus-type STM [17].
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resonance frequency is in the order of 8 kHz and the resonance frequency of the STM
platform is around 2 Hz. The transverse damping at low frequencies allows vibrational
amplitude of 1 mm on the instrument that results in tip-sample amplitude of only 1 nm,
easily corrected with the piezo feedback.
As shown in Fig.2.3, the sample is mounted in a sample holder, which consists of a
tantalum plate about 1 mm thick with dimensions of 16mm × 25mm with a thermocouple
integrated on the back of the sample. The transfer of the sample is performed by using a
wobble stick with a pincers grip. The sample in the sample holder is held down on top
plate of the STM by two springs. The top plate of this STM head is mounted on the Al
cradle allowing the sample to reach the temperature of the cradle, and three quartz balls
thermally and electrically isolate the rest of the STM body from the sample and the Al
cradle. The tip is held by a tipholder of ~ 0.1 mm thick Cu98Be2 alloy which is glued to
the top of the scanner piezotube by epoxy. The scanner piezotube has an outer/inner
diameter of 3.18/2.67 mm and a length of 6.0 mm and is glued to the rod. The rod can be
driven up and down by the linear motor tube for coarse approach. This linear motor tube
is an additional piezo tube split into three sections and alternate actions of clamping
and/or expanding the lengths of the different sections results in the motion of the central
rod. The Zener diode (BZY93C75) is used to heat the STM body during cooling of the
sample to keep the scanner tube operating without seizing at room temperature. This
Zener is usually operated at a current of 2~4 mA at a voltage of 75 V.
A schematic of the scanner piezotube and its driving electronics is shown in
Fig.2.4(a) and a schematic of the linear motor piezotube and its driving electronics is
shown in Fig.2.4(b). Four electrodes are coated on outside surface of the scanner tube
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Fig. 2.4.Schematics of Aarhus STM electronics for x-y scan (a),
and z-coarse approach (b) [20].
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equally-spaced around the tube and extending end-to-end. The lateral or x-y scan of the
STM is performed by applying antisymmetrical voltages of up to ±200 V corresponding
to maximum scan range of ~ ± 1.5 μm.
There are three electrode rings along the motor tube. The central electrode controls
the elongation/contraction, and the upper/lower electrodes clamp the piezotube to the rod.
First step, while the lower part clamps and the upper unclamps, the central part of the
piezotube contracts to raise the rod because the upper part is fixed to the STM body by
the macor ring; second step, while the upper part of the piezotube clamps and the lower
unclamps, the central part of the tube elongates to lower the lower part ready for next rod
raising. When programmed sequence of voltages applied to the three electrodes to
repeatedly perform the above two-step operation, the rod will move upward or downward.
Normally a stepsize of 1 nm is used during coarse approach. The coarse approach will be
automatically stopped before tip collision by a feedback loop that senses when the tunnel
current reaches a preset value. As shown in Fig.2.4, the x-y scan and the z- coarse
approach are driven by 16 bit Digital to Analog Converters (DAC) working in range of ±
5 V.
The circuit in Fig.2.5 illustrates how the z voltage is controlled in constant current
mode. The tunnel voltage and the desired tunnel current (expressed as a voltage) are set
through the DAC’s. The feedback loop is formed by the tip from which the tunnel current
is read out, the preamplifier, the loop amplifier, the high voltage amplifier, and the
piezotube. The z-voltage is applied to the inside surface of the piezotube and the
piezotube converts the voltage into z-displacement in the rate of 13 Å/V. The tunneling
current is returned through a preamplifier that converts the current to a voltage signal.
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±200
×40

Fig. 2.5.Schematics of Aarhus STM electronics for feedback loop
in the constant current mode [20].
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This signal is sent to a variable-gain loop amplifier that compares the current signal to the
desired level set by the tunnel-current DAC. If the measured current is too low, the
voltage on the z-piezo is increased, decreasing the sample-tip separation and increasing
the current. In the analog mode of operation, used exclusively here, this feedback
constantly adjusts the tip-sample separation to produce the desired constant-current image.
A measurement of the actual z-piezo high-voltage is then used to produce images of
surface height contours.

2.2. Low Energy Electronic Diffraction (LEED)

2.2.1. Principle of LEED
LEED is one of the most widely used techniques in surface science providing longrange surface structure information [21-22]. The experiment makes use of the wave
nature of electrons. An incident wave of one electron is scattered by the surface atoms,
and the scattered waves originated from the same electron interfere with each other to
form a probability pattern for detection. The detection is accomplished by conversion to
a light intensity pattern on a fluorescent screen, visible when the electron beam intensity
is strong enough, as shown in Fig.2.6. According to the de Broglie relation, the electron
wavelength is expressed by the electron momentum or kinetic energy as

λ = h / p = h /(2mE )1 / 2

(2.2)

where λ is the electron wave length, p is the electron momentum, E is the electron kinetic
energy, h is Planck constant and m is the static electron mass constant. By plugging in the
constants of h and m to (2.2), we get

λ = (150.4 / E )1 / 2

(2.3)
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Fig. 2.6. Schematic of electron diffraction with a normally-incident electron
beam.
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where λ is in units of Å and E in eV. In a LEED experiment, the electron energy is
typically in range of 30 ~ 400 eV. Therefore the typical LEED wavelengths are on the
same scale as the interatomic distances of Ångstroms, for electrons in the energy range of
30 ~ 400 eV. In addition, the short electron mean-free paths, usually on the scale of 2 ~ 3
monolayers corresponding to the above electron energy range, make the electron
diffraction highly surface sensitive.
LEED data provide two kinds of information, the diffraction pattern itself, and the
intensities of the spots that make it up. From the symmetry of the diffraction pattern,
basic information about the surface structure and crystalline perfection is extracted by
measuring spot separations, sharpness, and background brightness, while the symmetry
of the spots themselves provide information on the degree of long-range coherence. The
experimental analysis of spot intensities verses incident electron energy can provide
additional information. A thorough analysis, when compared with theoretical models,
can be used to provide quantitative data on atomic spacings as well as rule out or confirm
atomic models for surface atomic structures. Specially designed LEED equipment using
low primary electron beam currents and faster data acquisition have been developed for
these experiments.
A schematic of electron diffraction with a normally-incident electron beam is
shown in Fig.2.6. The waves diffracted by the first layer and the second layer form the
same spot pattern, resulting in a reciprocal-lattice pattern of the surface unit mesh.
However, the phases of the diffracted beams from the two layers are usually different due
to relaxations that slightly change the vertical lattice constant. For example, if the angle θ
satisfies the Bragg relation in the lateral layer
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al sin θ = nλ , n=0, ±1, ±2, …

(2.4)

there is a diffraction spot related to the angle θ for the first layer and the second layer.
However, if the vertical lattice distance brings in a phase difference of odd number of π,
expressed in the form similar to (2.4) as
1
av cosθ = (m + )λ , m=0, ±1, ±2, …
2

(2.5)

the diffraction spot at the angle θ from the first layer will be cancelled by the diffracted
beam from the second layer, assuming the second-layer diffraction electron loss due to
inelastic scattering is negligible small. In practical experiments, when one increases the
electron energy, the spot pattern not only contracts, but the brightness of each individual
spot oscillates along with the incident electron energy.
A basic LEED optics is shown in Fig.2.7. The electron gun assembly consists of
filament (E), Wehnelt cylinder (W), accelerating aperture (A), and lenses (L1, L2, L3,
L4). The electrons are emitted by the heated filament, which is surrounded by the
Wehnelt cylinder. The primary energy of the electrons is determined by the negative
potential of the filament. The electrons are extracted from the Wehnelt cylinder, which is
floated with a positive bias comparing to the filament, by the strong potential gradient
along the electron gun axis provided by the accelerating aperture. The lenses L1 and L4
have the same potential as the sample and the two outside grids. The lenses L2 and L3 are
used to focus the beam. The fluorescent screen (S) has positive bias of ~ 5 kV to cause
the electrons to stimulate fluorescence on the screen and achieve visible LEED patterns.
To suppress background illumination, the two inside grids provide a field to repel the
low-energy inelastically scattered electrons.
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Fig. 2.7. Schematic of basic LEED optics including electron gun
assembly (E, W, A, L1, L2, L3, L4), grids, and screen [23].
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The coherence length of an electron wave is determined by the uncertainty of its
energy (ΔE) and the uncertainty of its angle (2Δβ). In the lateral plane, the coherence
radius Δrc is evaluated as [21]

Δrc ≅

λ

(2.6)

2Δβ 1 + (ΔE / 2 E ) 2

For a standard LEED optics, 2Δβ ≈ 10-2 rad and ΔE ≈ 0.5 eV for E ≈ 100 eV, thus the
coherence length Δrc is about 100 Å. If a nanostructure has a structural periodic repeat
that is larger than 100 Å, LEED cannot provide information on that superstructure.

2.2.2. Specs® LEED
In our experiment, a Specs reverse view LEED optics has been used [23]. The
Specs LEED system consists a model of ErLEED 150 reverse view LEED optics, shown
in Fig.2.8 [24], and a ErLEED 1000A analog power supply. The reverse view ErLEED
optics was designed at the University of Erlangen-Nürnberg 20 years ago. The ErLEED
150 is mounted on a DN150CF flange (8˝ CF, 203 mm OD). It has a miniature electron
gun (15 mm in diameter) which is completely light shielded in order to avoid stray light
coming from the hot filament. The entire optics can be extended into the uhv chamber or
withdrawn up to 100mm using a z-retraction mechanism. It is easy for the user to replace
the filament. The optics is magnetically shielded by μ-metal and bakeable up to 250 °C.
The ErLEED 1000A power supply is manually operated. It supplies a primary electron
beam energy of 0~1000 eV. All of the circuits of the power supply are fully floating to
allow the user to measure true beam current and the lens voltages as a function of the
electron energy. There are five independent high-precision HV-modules that supply the
voltages for the primary energy, lens elements, suppressor grids, screen, etc.
24

Fig. 2.8. Schematic of the SPECS reverse view LEED optics (ErLEED
100/150) [24].
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2.3. Angle-Resolved Photoelectron Spectroscopy (ARPES)

2.3.1. Principle of ARPES
Photoelectron spectroscopic techniques are based on the photoelectric effect that
can be used to probe the electronic structures of materials [25-28, 18-19]. The
photoelectric effect was discovered as early as 1887 by H. Hertz [29] and later was
explained theoretically by Albert Einstein with his introduction of the particle nature of
light in 1905 [30]. Along with the developments of ultrahigh vacuum, synchrotron
radiation, and high resolution electron energy analyzers, the recent dramatic
improvements in energy (2 meV) and momentum (0.2°) resolution have made a
significant impact on many areas of materials science. Large, high-resolution commercial
instruments like the Scienta 200mm analyzer have helped to propel angle-resolved
photoelectron emission spectroscopy (ARPES) to the forefront as a most direct and
effective method to study the electronic structure of materials. The ARPES technique is
an active and a rapidly progressing field that is used to reveal the relationships between
electronic, magnetic, and chemical structures of novel materials by precisely measuring
their electronic energy and momentum distributions.
According to the explanation provided by Einstein, an electron in a material is
excited by absorbing a quantum of light whose energy is hν; and the electron then
escapes from the material with a maximum kinetic energy
max
E kin
= hν − φ

(2.6)

where φ is the work function of the surface which is effectively a potential barrier binding
the valence electrons, ν is the frequency of the monochromic light, and h is Planck
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constant. The work function φ is a characteristic material property and is typically 4 ~ 5
eV for metals.
The schematic in Fig.2.9 [25-26] illustrates the photoelectron emission process, and
the relationship between the electronic density of states (DOS) of the material and the
measured photoemission spectrum which is often called an energy distribution curve
(EDC). As indicated on the plot of the density of states, the work function φ is the energy
difference between the Fermi level EF and the vacuum level Evac which is essentially the
zero of energy in vacuum just outside the sample surface. The binding energy is usually
measured relative to the Fermi level so that EB = 0 at EF.
In a crystal, the relevant quantum numbers of the valence electron states are not
only dictated by the binding energy EB, but also by the electronic or crystal
momentum h̄k, where k is the wavevector. Therefore, complete expression of electronic
structures of a single crystal requires the binding energy EB, three components of the
crystal momentum (kx, ky, kz), and spin (s), the final relevant quantum number. Angleresolved photoelectron emission spectroscopy (ARPES) is applied to measure directly the
momentum-dependent band structure of crystals. A schematic of the geometry of an
ARPES experiment is shown in Fig.2.10 [31]. The components of the experiment include
consists of three parts, the light source, the sample and the hemispherical analyzer. Due
to the crystal-orientation-related feature of the measurement of energy dispersion along
with the electron momentum, the sample for ARPES experiment must be a single crystal.
The incident light source is monochromatic ultraviolet light (hυ < 100eV) supplied either
by a gas-discharge lamp, for example, hυ (He-I) = 21.22 eV, or by a synchrotron
radiation beamline. Synchrotron radiation provides superior features for ARPES
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Fig. 2.9. Photoelectron emission process, showing the relationship between the
electron density of states of the material (left) and the energy distribution curve of
the measured photoemission spectrum (right) [25, 27]. A secondary, inelasticallyscattered electron background from the sample is not shown.
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Fig. 2.10. Schematic of the geometry of an ARPES experiment [31].
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measurements including high flux, wide spectral range, a continuous tunable spectrum,
and high degree of polarization. Different polarizations orientations relative to the
sample’s crystalline axes result in different ARPES due to the relevant selection rules. In
the case of spin-resolved studies, circularly-polarized light is particularly valuable. The
kinetic energy Ekin, the polar (θ) angle, and the azimuthal (φ) angle of the photoelectron
completely determine the energy-momentum relationship of the photoelectrons:
p = 2mEkin

(2.7)

p // = 2mEkin sin θ , p x = 2mE kin sin θ cos φ , p y = 2mE kin sin θ sin φ

(2.8)

p ⊥ ≡ p z = 2mE kin cosθ

(2.9)

In the noninteracting approximation, from the conservation of the energy and momentum,
we can have the following relations between the initial and final states from the
photoemission process of Fig.2.9

E kin = hν − φ − E B
k // =

(2.10)

p // 1
=
2mEkin sin θ
h h

(2.11)

where the p represents the photoelectron momentum, and k represents crystal wavevector
in the extended zone scheme. The perpendicular component of the wavevector is not
conserved in the photoemission process because of the surface potential barrier along the
surface normal, diffracting the electron when it escapes from the crystal. In lateral
momentum conservation, the photon momentum is not included since it is negligibly
small in the energy range for ARPES (hυ < 100 eV). For example, the wavevectors of
100-eV and 21.2-eV photons are 0.05 Å-1 and 0.008 Å-1 respectively and are 3% and
0.5% of the Brillouin zone wavevector of Cu(001), 2π/a ≈ 1.6 Å-1 [26-27]. The mean free
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path for electrons with 20 ~ 100 eV kinetic energy is in range of 5 ~ 20 Å [32], about 3 ~
15 monolayers for Cu(110), so that the ARPES is surface sensitive.
The three-step model is the most commonly used phenomenological approach in the
discussion of photoemission data [33-35, 25-27], as shown in Fig.2.11. The photoelectron
emission process is divided by a sequence of three independent steps: 1) excitation of an
electron by a photon up to a vacant bulk state; 2) propagation of the excited electron to
the surface; and 3) escape of the electron across the surface barrier into the vacuum. In
the first step, the excited electron keeps its initial state information through energy and
momentum conservation. In the second step, a probability exists for the electron to be
scattered and this probability determines the mean free path. The electrons traveling to
the surface without scattering will form peaks in the spectrum, and the inelastically
scattered electrons will form a continuous background. In step three, the potential barrier
will refract the electron from the surface normal. The transmission probability is
dependent on the electron energy and the sample’s work function.
The probability for an electron of N-electron ground state excited by a photon can
be approximately expressed by Fermi’s golden rule:

w fi =

2
2π
〈 Ψ fN H int ΨiN 〉 δ ( E fN − EiN − hυ )
h

(2.12)

where ΨiN = the N-electron ground state, Ψ fN = one of the possible final states,
r

r

EiN = EiN −1 − E Bk and E fN = E fN −1 + Ekin . E Bk is the binding energy of the excited electron
with kinetic energy E kin and momentum h̄k. The interaction Hint can be looked as a first
order perturbation expressed as

H int = −

e v r
e v r r v
( A ⋅ p + p ⋅ A) = −
A⋅ p
2mc
2mc
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(2.13)

Fig. 2.11. The three-step model of photoelectron emission process[25].
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v
r
The p is the momentum operator of the electron in the crystal, A is the electromagnetic
v2
vector potential. The scalar potential is set to zero, Φ = 0; the quadratic term in A is

v r
negligibly small comparing to the term A ⋅ p (as the former discussion, the photon
momentum is negligible smaller than electron crystal momentum). In expression (2.13)

r r
r r
r v
the commutation relation [ p, A] = −ih∇ ⋅ A and the dipole approximation ∇ ⋅ A = 0 are
used, for the photon field changes very slow compared to the atomic spacings, for
example, the photon wave length λ ~ 120 Å at hυ = 100 eV, and λ ~ 600 Å at hυ = 20 eV.
For detailed issues the equation (2.12) with the perturbation (2.13) still needs some
suppositions to simplify the equation solution, such as the sudden approximation which
has been frequently used to simplify the calculation about the many-body process of the
photoemission. In the sudden approximation model, the N-electron ground state transfers,
in an infinite time interval, to an exited (N-1)-electron state (could be expanded based on
the (N-1)-electron eigenstates) and an independent free-electron state. This model is a
good approximation for the excitation by photons with relatively higher energies. In the
case of lower photon energy, the photoelectrons with lower kinetic energies will take a
longer time to escape from the crystal. If the in-crystal time of the photon-exited electron
is comparable to the response time of the (N-1)-electron system, the electron is not
independent from the (N-1)-electron system after the excitation. The excited electron has
enough time before escaping from the crystal to interact with the (N-1)-electron system
through the lattice vibrations or relaxation of the band structure, and the momentum of
the electron could be changed from the momentum at the initial stage of the excitation.
Therefore the first-step of the three-step model is no longer suitable for a slow-escaping
photoemission process. Fortunately the sudden approximation is demonstrated to be a
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good model for systems such as the cuprate high-temperature superconductors even at
photon energies down to 20 eV [36]. Our discussion about the photoemission process is
based on the review papers of [26-27] with some extended comments.

2.3.2. Synchrotron Radiation-NIM Beamline and 6m-TGM Beamline in CAMD
Our photoemission experiments were performed on endstations at the 6m-TGM
beamline of CAMD and the NIM beamline. The bulk of the data that are presented in this
dissertation were collected on the NIM beamline. The full name of CAMD is The J.
Bennett Johnston, Sr., Center for Advanced Microstructures and devices, which is a
research center owned by Louisiana State University. Fig.2.12 illustrates the storage-ring
of the CAMD synchrotron storage ring, the beamline arrangement in the experimental
hall, and the clean-room The synchrotron radiation flux-curve for CAMD is presented in
Fig.2.12(b). The synchrotron radiation is emitted both from bending-magnets (1.48 Tesla
for bend radius of 2.928 m) and a single-pole superconducting wiggler (7 Tesla) for
operating conditions of 1.3 GeV of electron energy and 200 mA of electron beam current.
The major advantages of the synchrotron radiation is the high flux/low divergence
angle and the wide range/continuous spectrum of the infrared, ultraviolet (UV), soft x-ray,
to hard x-rays. These properties are quite different compared to the laboratory light
sources, such as ultraviolet from a gas-discharge lamp, x-rays from an anode, or laser
light. Those sources are generally fixed in energy and except for the laser are generated
unpolarized. Additionally, other features of the synchrotron radiation are also precious
for science and technology, such as the polarization characteristics, the timing nature of
the pulse structure, the possibility for absolute calibration, etc.

34

(a)

(b)

Fig. 2.12. (a) Drawing of the CAMD storage ring and beamlines (topview), (b) the light flux curves of the CAMD synchrotron radiation
facility [37-38].
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The flux-curves in Fig.2.12 show that the bending magnets supply light up to x-ray
energies of ~11 keV (the Cu K edge = 8.98 keV, 1.39

Å) with a flux of 1010

photons/sec/mrad/0.1%bw [37-38]. The superconducting wiggler shifts the flux curve up
to ~50 keV, improving the hard x-ray flux by more than two orders of magnitude. There
are four beamlines providing light in the range of UV and soft x-rays suitable for surface
science measurements. The PGM (Plane-Grating Monochromator) beamline, which is
under second phase improvement, once was a high-resolution, high-order-rejection
beamline ranging 25 ~ 1000 eV with resolving power (E/ΔE) up to 10,000. The 3m-TGM
(3-meter Toroidal Grating Monochromator) beamline provides a photon energy range of
15 ~ 350 eV with resolving power above 1000. The 6m-TGM (6-meter Toroidal Grating
Monochromator) beamline emits light of 15 ~ 200 eV with resolving power better than
2000. A schematic diagram of the 6m-TGM beamline and the measured intensity curve
from the three optional gratings are shown in Fig.2.13 [39].
The NIM (3-meter Normal Incidence Monochromator) is a high-resolution, highflux beamline equipped with a Scienta SES200 electron spectrometer on its endstation
[40]. A drawing of the beamline and a table showing the resolving power and degree of
polarization are shown in Fig.2.14. Horizontal synchrotron radiation of 70 mrad directly
from the dipole (bending) magnet is accepted by a water-cooled ellipsoidal mirror (M0).
Radiation from the visible to soft x-rays is reflected by the mirror and the longwavelength infrared, and the shorter-wavelength hard x-rays are absorbed by the mirror.
The absorbed energy is taken away by cooling water. The reflected radiation is further
reflected by two cylindrical mirrors (M1 and M2), which generate antisymmetrical coma
in the vertical direction. The coma-free light goes through the entrance slit (the lower
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(a)

(b)

Fig. 2.13. (a) Drawing of the 6m-TGM beamline, top-view (upper) and
side-view (lower), (b) measured photon intensity curves by using each
of the three optional gratings as the monochromator [39].
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Fig. 2.14. Drawing of the beamline and a table of resolving power
and polarization degree [40].
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SLIT) to the spherical grating monochromator (G) in a specially designed beamline
component called the McPherson mount. There are two interchangeable gratings in the
mount for monochromatizing the photons of different energy ranges. While rotating the
grating to adjust photon energy, the McPherson mount is required to translate along the
bisector of the two jointing arm. The two correlated motions, driven by two stepping
motors, are automatically controlled by computer programs. The monochromatized light
goes through the exit slit (the higher SLIT) to another ellipsoidal mirror (M3). The light
is focused by the mirror with a demagnification factor of 0.53, and then heads into the
endstation chamber. The list of calculated resolving powers in Fig.2.14 is a reference for
compromising between the light flux and resolution by adjusting the slits. According to
the list, the best energy resolution of monochromatic light at 25 eV is ~ 2 meV.

2.3.3. Scienta SES200 Electron Spectrometer
A schematic of a hemispherical electron spectrometer is shown in Fig.2.15 [26-27].
The hemispherical analyzer has multielement electrostatic input lens, a hemispherical
deflector, and an electron detector. The incoming electrons in the input lens are
accelerated, then retarded and focused onto the entrance slit on the hemispherical
deflector. In a conventional configuration the entrance has a narrow slit along the x
direction to limit the acceptance angle (typically ± 1°). The heart of the analyzer consists
of two concentric hemispheres having a potential difference ΔV. Only the electrons with
energies in a narrow energy window centered on

E pass = eΔV /( R1 / R2 − R2 / R1 )

(2.14)
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Fig. 2.15. Schematic of the Scienta SES200 electron analyzer [26].
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can pass through this hemispherical capacitor. Conventionally the exit slit has a narrow
cut along the y direction to limit the detected energy difference, as the electrons passed
through the hemispheres have been deflected along the y direction according to their
energies. Therefore, an energy distribution curve for certain emission angle can be
measured by sweeping the retarding potential of the lens.
In the last several years, the Scienta electron spectrometers have become much
more efficient by using an image plate as the electron detector [41-42]. The image plate
consists of two microchannel plates and a phosphor screen in series, followed by a
charge-coupled device (CCD) camera for detecting the electrons which each make a
pulse of light on the phosphor. The patterns observed can also be used for adjusting the
sample alignment. With this new design, the entrance and exit slits can be wide open.
Electrons with different emission angles will be distributed along the x direction and the
electrons with different kinetic energies will be distributed along the y direction on the
image plate, as shown by the Fig.2.15, i.e., θx // x and Ek // y. Therefore the energy
distribution with different emission angles can be measured simultaneously in one
spectrum with this analyzer design, and a spectrum consists of three-dimensional data
with the lateral momentum as the x-position, the kinetic energy as the y-position, and the
intensity as the z-magnitude or total number of counts. The analyzer can also make a 2D
snapshot of energy vs. momentum. In our ARPES experiments we still set narrow slits
for both the energy and momentum directions to enhance our resolution.
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CHAPTER 3. FACETED STRAIGHT AG NANOWIRES ON CU(110) AND NI(110)

3.1. Introduction
In studies of heteroepitaxial growth, the self-assembly of nanoscale structures on
crystal surfaces have been investigated intensively in recent years [1, 2]. Of particular
importance is the self-assembly of coherently strained islands, which have regular shapes
and narrow size distributions, on lattice-mismatched substrates. There are several kinds
of coherent epitaxial islands, such as nanodots and nanowires, which have been found
and studied. In most cases, the structure and morphological details of the dots and wires
are understood within the context of a competition between the ensuing strain and
interfacial energies.
Epitaxial nanodots are the most heavily studied, particularly semiconductor
nanodots that have optoelectronics applications. These include Ge/Si(001), SiGe/Si(001)
and InAs/GaAs [3]. Metallic nanodots on metals or on insulators have been also been
studied including Co/Ru(0001), Fe/Ru(10–11) and Fe/Mo(110)/Al2O3(11–20) [4-5].
Several different classes of quasi-one-dimensional epitaxial nanowires have been
found.

Ag/Si(001) (metal on semiconductor) is one of the first reported epitaxial

nanowires [6]; and Cu2O/Cu(001) (metal oxide on metal) is one of a class of nanowires
that form in metal systems including Ni, Fe, Al, Ti, Co, Pd, Ir and Sn, where island
formation during oxidation has been observed [7]. Rare-earth silicide nanowires on
silicon, such as PtSi/Si(001), ErSi2/Si(111), DySi2/Si(110) and DySi2/Si(111) have also
been reported recently [8-9] and Ge nanowire on Si(113) have been observed
(semiconductor on semiconductor) [10]. In the latter case, the Ge/Si(113) islands
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elongate coherently along the direction with small lattice mismatch and the nanowires are
compressively strained across the wire. In that case, the interfacial strain is relaxed layer
by layer [11].
We present in this chapter the LEED and STM measurements of a new form of
metallic Ag nanowires grown on Cu(110) and Ni(110) substrates. These nanowires are
self-assembled through a substrate-mediated strain field perpendicular to the wire axis yet
they are decoupled from the substrate along the wire direction. The first monolayer of
Ag forms a pseudohexagonal Ag(111) layer and subsequent layers self-assemble into
uniformly spaced prismatically-shaped nanowires. The strained-Ag(110) nanowires are
straight and parallel to the [–
110] direction of the substrate and are 5-20 atomic layers
higher than the surrounding Ag(111) monolayer. Aspect ratios of up to 20:1 have been
observed. The faces of the nanowires are angled ~25° with respect to the surface plane.
Following our discovery of nanowire growth on Cu(110), we deposited Ag on
Ni(110) and found that similar Ag nanowires form, a result expected since Cu and Ni
have similar lattice constants and bulk immiscibilities with Ag. In this chapter, some key
aspects of the kinetics of island formation are presented and the thermodynamic reasons,
in light of the consequent nanowire strain, interfacial, and surface-free energies, for the
nanowire structure and growth are discussed.

3.2. Experiment
The epitaxial growth and characterization of Ag nanowires on Cu(110) and Ni(110)
was performed in a UHV chamber with a base pressure <1 × 10–10 Torr. The apparatus
was equipped with a variable-temperature (-150 ºC~ 120 ºC) STM of the Aarhus design
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[13], as well as standard surface cleaning and characterization facilities, such as an ion
sputter gun, LEED, and a cylindrical-mirror analyzer (CMA) for Auger electron
spectroscopy (AES). The STM data were recorded in the constant-current mode with
tunneling currents in the range of ±(0.2-1.6) nA and voltages ±(5-900) mV respectively.
STM data was acquired at both room and low temperatures (-170 ºC), in order to reduce
adatom diffusion and to study films deposited at low substrate temperatures. The sample
on the STM was cooled to liquid nitrogen temperatures through an Al sample-holder
block while the thermally isolated STM head was kept at room temperature (RT) by
heating a from a 75-Volt Zener diode. High quality LEED patterns were obtained when
the sample was cooled below -120 ºC.
The Cu(110) and Ni(110) substrates were cleaned in UHV by repeated cycles of ion
sputtering (Ne+, 5 × 10–5 Torr, 1 keV, 15 μA, at RT for Cu and 200 ºC for Ni) followed
by annealing (550 ºC for Cu and 650 ºC for Ni). Sample cleanliness was checked by
AES and STM.
Silver was evaporated from a tungsten filament onto the Cu and Ni substrates. The
Ag deposition rate was controlled between 0.2 to 2 ML/min. (Note: throughout this
dissertation the Ag coverage will be expressed in terms of substrate monolayer units
(ML), where the surface density of Cu(110) and Ni(110) are 1.09×1015 atoms/cm2 and
1.15 × 1015 atoms/cm2 respectively). We obtained the silver nanowires through two
different means. First, one can simply deposit silver more than one Ag(111) monolayer
(the surface density of one layer of perfect Ag(111) is 1.39×1015 atoms/cm2 which is
about 1.3 ML on Cu(110)) onto the clean Cu(110) or Ni(110) at a substrate temperature
between 25 ~ 200 ºC wherein the thermal energy provided is sufficient to nucleate and
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self-assemble the nanowires. For coverages below 10 ML, a second technique is to
deposit silver at low substrate temperatures (<0 ºC) followed by annealing between 100 ~
200 ºC for several minutes.

3.3. Results and Discussion
3.3.1. STM Observation
3.3.1.1. Overall features of the nanowires
(a) Ag(111) overlayer
The growth mode of the Ag nanowires on Cu(110) or on Ni(110) is layer-plusisland (or Stranski-Krastanov) growth. As shown in Fig.3.1(a) and Fig.3.1(b), the Ag
initially covers the surface with one layer of pseudohexagonal Ag(111) on Cu(110) and
Ni(110). Previous STM studies have observed the Ag(111) overlayer on Cu(110) and
Ni(110) [15-17] and a very similar pseudohexagonal overlayer structure has also been
found for Ag/Cu(001), Ag/Ni(001), Au/Ni(001) and Au/Ni(110) [15,18-22].
The preference for forming an Ag(111) layer on Cu(110) is due to the significant
mismatch of 11 % between the lattices of Ag and Cu, preventing the growth of Ag(110).
Coincidentally, the 2.55Å and 2.49 Å lattice spacing along the [–110] direction of Cu(110)
and Ni(110), respectively, is nearly equal to the 2.50Å inter-row spacing of Ag(111). Due
to this near lattice match, the Ag atoms in the pseudohexagonal Ag(111) are not
completely incoherent with the rectangular Cu(110) or Ni(110) substrate. As in the case
of Cu(110), all of the Ag atoms locate in the [001] troughs of Cu(110), as shown in by the
atomic structure model in Fig.3.2. At a saturated monolayer coverage in Ag/Cu(001),
angle-resolved photoelectron spectroscopy (ARPES) [18] and STM [19] results indicated
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(a)

_
(110)

(b)

_
(110)

(001)

50 Å

(001)

50 Å

(d)

(c)

150 Å

300 Å

Fig. 3.1. STM images of the Ag(111) overlayer. (a) Ag(111) on Cu(110) (b)
Ag(111) on Ni(110) (c) and (d) show Ag nanowires coexisting with Ag(111) on
Cu(110) and Ni(110), respectively.
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Ag(111) on Cu(110)
p(2×7)

2.2%

2.6%

c(2×4)

2.2%
_
[110]
[001]

Fig. 3.2. Atomic models for the distorted Ag(111) overlayer: a p(7×2)
modulation of the basic c(2×4) pattern. The models were also suggested by
Taylor etc. based on LEED and MEIS studies [14].
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that the Ag-Ag interaction is stronger than the Ag-Cu interaction. The Ag overlayer is
dominated by intra-layer interactions and almost free floating along the [001] direction on
top of the Cu substrate.
Based on the LEED data which provides a picture of the long-range coherence, the
Ag(111) monolayer is constructed by a basic c(2×4) pattern with an accompanying p(2×7)
modulation of the atomic heights [14]. This is consistent with the hexagonal symmetry
seen in the STM data of Fig.3.1(a) and (b). The minor difference between the bulk row
spacing of Ag (111) and the row spacing of Cu(110) forces the Ag(111) monolayer lattice
to expand 2.2% along the [–
110] direction and to compress 2.6% along the [001] direction
for perfect p(2×7) periodicity (Fig.3.2). Similar results are also observed for the Ni(110)
substrate. The net strain due to the slight mismatch of the Ag(111) overlayer produces
(111) domain boundaries, seen as protrusions in Fig.3.1(a) and pits in 3.1(b), on both
Cu(110) and Ni(110) substrates. These domain boundary rows on Cu(110) roughly
follow the [001] direction and are spaced about 40 Å apart from each other along the
[–110] direction. According to the model of the Ag(111) monolayer on Cu(110) in Fig.3.2,
the (111) lattice with the p(2×7) superstructure expands in the [–110] direction and
contracts in the [001] direction, therefore the area of the unit cell is almost unchanged and
the strain due to the slight lattice expansion in the [–110] direction is almost relaxed by the
lattice contraction in the [001] direction. On the other hand, the (111) lattice with the
c(2×4) superstructure expands in the [–110] direction, but keeps unchanged in the [001]
direction, therefore net strains exist along the [–110] direction. The [–110]-direction strains
increase proportional to the number of the deformed lattice sites along the [–110] direction.
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The formation of the domain boundary vacancies along the [001] direction about 40 Å
apart from each other should be the natural result of structural self-adjustment to avoid
the strains to be accumulated to too strong levels along the [–110] direction. Former
studies using high-resolution medium energy ion scattering (MEIS) [12] find the surface
density of the Ag(111) overlayer to be 1.30±0.10×1015 atoms/cm2 on Cu(110) which is
smaller than the perfect Ag(111) overlayer by a factor of 0.94. Along with the structural
observations, it is clear the departure from the Ag(111) surface density is mainly due to
those vacancies in the domain boundary rows, accounting for about 6% of a monolayer.
In our STM observations of Ag(111) overlayers on top of Ni(110), most of the
surface area is covered by the distorted Ag(111) and the (111) domain boundary pits, but
a few places are covered by atoms in a (110) structure, as shown in Fig.3.3. The (110) is
most likely to be small regions of Ag(110) since exposed Cu(110) surface will be covered
by Ag(111). The STM image shows the (110) atoms are usually near the step edge or a
domain boundary. By measuring the height of the (110) atoms comparing to the nearby
Ag(111) atoms, as shown by the scan-line in Fig.3.4(a), we notice the height of the (110)
atoms is between the heights of two Ag(111) overlayers having a height difference of one
Cu(110) layer. The (110) overlayer is probably two or one monolayers of Ag(110) as
indicated by B1 and B2 in Fig.3.3(b). Here we have considered the large lattice mismatch
between Ag(110) and Ni(110), and the nearly 14 % in-plane compression of the Ag(110)
atoms on top of Ni(110). The height (or lattice parameter normal to the surface) of the
Ag(110) must be extended compared with the bulk in order to accommodate the lateral
strain.
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20 Å

Fig. 3.3. STM images of Ag(111)/Ni(110) overlayers. Places marked by “A”
and “B” have (111) and (110) structures respectively.
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“A”: Ag(111), “B”: Ag(110) or Ni(110), “C”:

Fig. 3.4. (a) Line-scan along the marked line in the STM image of Fig. 3.3, (b)
model showing the height relationship in different kinds of overlayers.
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We also found some dislocations in the two-dimensional (2D) Ag(111) monolayer
on Ni(110), as shown in Fig.3.5. In the STM picture of the Ag(111) monolayer on
Ni(110), one dislocation crossed a domain boundary and another along a dislocation line
in the [001] direction. As we mentioned earlier, the Ag(111) lattice is locked within the
–
[001] troughs so that the motion along the [110] direction is restrained, however, the
Ag(111) lattice can float almost freely along the [001] troughs. Similar to the case of the
Ag(111) monolayer on Cu(110), the lattice of the Ag(111) monolayer on Ni(110) also
slightly expands along the [–
110] direction to match the substrate troughs. To relieve the
–
strains due to the [110] expansion, lattice contraction along the [001] direction is needed.
The formation of the dislocations along the [001] direction should be the results of the
strain-relieving structural adjustment conforming to different local strain fields.

(b) Ag(110) nanowires
With additional Ag coverage ( > 1.2 ML), nanowires can be produced following the
proper deposition and annealing treatment. In Fig.3.6 (a) we show a 2000×2000Å image
obtained at -120ºC following deposition of 3 ML Ag at -70 ºC on Cu(110) and then
annealed to 100-120ºC for 50 minutes. Fig.3.6(b) shows similar nanowires grown on
Ni(110) by depositing 2 ML Ag at 25ºC. Unlike most other three-dimensional (or island)
growth on crystal surfaces which produce irregular shape islands, such as Ag on Cu(001)
[19], the Ag nanowires on Cu(110) or Ni(110) are clearly regular in shape. The top of the
nanowires possess a two-fold symmetry (rectangular) consistent with the substrate
symmetry. In general, the Ag nanowires have following uncommon features:
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_
(110)

(001)

Fig. 3.5. STM images showing dislocations in the Ag(111)/Ni(110) overlayer.
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(1) extraordinary anisotropy in dimensions between the two perpendicular
–
directions of [110] and [001] with observed aspect ratios (length:width) of up to 20:1,
(2) atomically straight long axis aligned along the [–110] substrate direction,
(3) atomically uniform width within a single Ag nanowire, and
(4) two faceted sides of the straight nanowires providing an isosceles triangular or
trapezoidal cross-section.
The extraordinary anisotropy in dimensions shows that the growth of Ag islands
along [001] direction is constrained to a size of 100-300 Å, where the growth in wire
width decreases dramatically. Beyond this, the nanowires lengthen rather than widen.
The consistency of the nanowire orientation and symmetry, suggest that the nanowire
islands are not independent, free-floating Ag crystallites. In fact, the Ag/Cu or Ag/Ni
interface interactions must play a major role in the formation of those uncommon features
resulting in nanowires. The interface interaction is most likely the result of mismatchinduced elastic strains.
Usually the Cu(110) step edges are along the [001] direction, and the nanowires are
very long, up to submicrons in length, and oriented along the [–110] direction which is
perpendicular to the steps on this crystal. Some nanowires are so long that they cannot
avoid interacting with the steps. It is interesting that these nanowires appear to cross over
the steps, as shown in Fig.3.6(a) and yet maintain a coherent structure and alignment.
There is an obvious positional correlation between the nanowires on the upper terrace and
the nanowires on the lower terrace at the steps. To our knowledge, it is very rare to
observe this kind of island self-assembly that crosses the steps in metal-on-metal epitaxy.
The first such observation in semiconductors was believed to be the Ge nanowires on
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(a) AgCu(110)

_
(110)

(001)

500 Å

(b) AgNi(110)

_
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(001)

250 Å

Fig. 3.6. STM images of Ag(110) nanowires. (a) Ag/Cu(110) (3ML), (b)
Ag/Ni(110) (2ML).
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Si(113) found by H. Omi and T. Ogino [10]. They suggested the cross-step correlation
originated in the island-induced strain fields in the substrate through the steps. In the case
of oxides grown on metals, strongly ionic oxide bonds produce an island interlayer
bonding that exceeds the strength of the weaker island substrate bonds [23].
Besides the across-step phenomena of the nanowires, closer inspection shows that
the steps can appear to terminate beneath the nanowires, as indicated by the arrows in
Fig.3.6(a). In fact, the substrate step edge changes direction where it meets the side of the
nanowire, running parallel to the wire axis, and emerging again at the end of the
nanowire.
In Fig.3.7 a zoom-in STM picture and a line scan show the typical cross-sectional
profile of the nanowires. The cross section of the nanowires is nearly triangular with a
rounded top, and some steps can be seen on the side faces. For nanowires in any
particular film, there is a wide distribution of lengths and a narrow distribution of widths,
side slopes and heights. Based on our observation, the typical lengths are within the
range of 100~ 5000 Å, widths range 70~300 Å, side slopes 10~30º, and heights range
from 5-60 Å.
The nanowire morphology is metastable. After annealing at 300 ºC or above, the
Ag-nanowire-monolayer morphology will transform irreversibly to a collection of 3D
mounds surrounded by the Ag(111) monolayer. The 3D mounds have typical dimension
of 300 Å in height and 3000 Å in diameter with irregular shape.
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(a)

50 Å

(b)

Fig. 3.7. (a) STM images across a Ag/Cu(110) nanowire obtained from the
same grown film shown in Fig 3.6(a); and (b) line-scan along a marked line
in Fig. 3.6(a).
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3.3.1.2. Distribution of length, width, side-slope and height of the nanowires
In order to study the distribution of dimensions of the nanowires, and learn more
about the dynamical processes producing them, we selected two films with the same
coverage of 3ML, as shown in Fig.3.8. The film in Fig.3.8(a) included short Ag
nanowires on Cu(110) grown at 20ºC and the film in Fig.3.8(b) included long Ag
nanowires on Cu(110) deposited at -70ºC followed by annealing at 120ºC for 40min.
Most of the nanowires in the first film did not fully ripen into long wires because the
relatively low temperature did not provide enough mobility for the growth. However the
immature nanowires allow us to understand the initial growth processes of the nanowires.
Our selection of the films, intentionally including both short and long nanowires aims
reveal more information about the growth process.
Based on our STM measurements of the nanowires in these two films, we extracted
the data to make the scatter plots shown in Fig.3.9, Fig.3.10 and Fig.3.11. The nanowire
length is plotted along the X-axis to represent the nanowire growth via the lengthening of
the wires. For a specific nanowire, once the width and height reach a saturation value, the
only means for the nanowire to accommodate the additional Ag that has been deposited is
to elongate. Therefore, the nanowire’s length will be a much better parameter than the
width, the height and the side slope to represent the ripening of a nanowire.
In Fig.3.9, the length of the "short" nanowires is in the range of 80~390 Å, and the width
is in the range of 55~110 Å. The scatter spots show the width of the "short" nanowires
increases roughly linearly as the length increases, showing that the nanowires are both
elongating and widening. The length of the "long" nanowires is in the range of
370~1670 Å, and their widths are in the range of 130~210 Å. The scatter spots show the
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(a)

400Å

(b)

400Å

Fig. 3.8. STM images and corresponding line-scans of the Ag/Cu(110) nanowires:
(a) 3ML deposited at substrate temperature 20ºC , (b) 3ML deposited at -70ºC
followed by annealing at 120ºC for 40 min.
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Width vs. Length
of Ag/Cu(110) Nanowires
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Fig. 3.9. Scatter plot of width vs. length of Ag/Cu(110) nanowires: (a) short
nanowires as shown in Fig. 3.8(a), (b) long nanowires as shown in Fig. 3.8(b).
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Slope-angle vs. Length
of Ag/Cu(110) Nanowires
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Fig. 3.10. Scatter plot of slope vs. length of Ag/Cu(110) nanowires: (a) short
nanowires as shown in Fig. 3.8(a), (b) long nanowires as shown in Fig. 3.8(b).
The length of the nanowire best represents the degree of growth completeness of a
nanowire.
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Height vs. Length
of Ag/Cu(110) Nanowires
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Fig. 3.11. Scatter plot of height vs. length of Ag/Cu(110) nanowires: (a) short
nanowires as shown in Fig. 3.8(a), (b) long nanowires as shown in Fig. 3.8(b).
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width of the "long" nanowires also increases as the length increases, however, at a much
lower rate comparing to the increase in length. It seems that the increase in width
saturates around 300 Å. If we look the scatter spots of the two films in Fig.3.9 as a whole,
we find the growth trend of nanowires as shown by the dashed line in the graph. The
increase in the width can be roughly divided by two phases. In the initial growth phase of
the nanowires, when the width is less than 150 Å and the length is less than 500 Å, the
width grows along with the length in comparable rates; but in the later growth phase, the
width goes into a saturated region and grows very slowly compared to the growth in
length.
In Fig.3.10, the side slope angle of the "short" nanowires is in a range of 7~30º and
the side slope angle of the "long" nanowires is in a narrower range of 22~33º. The side
slope of the "short" nanowires increases along with the length, but the side slope of the
"long" nanowires almost saturated and does not increases along with the length. If we
look the scatter plots for the two films in whole, we get the growth trend of the side slope
as shown by the dashed line in Fig.3.10. In the initial phase of growth, when the length of
nanowires is less than 400 Å, the side slope angle increases from 0º to about 25º along
with an increase in length; and in the later growth phase, the side slope goes into a
saturated region when the length of nanowires is more than 400 Å. Noticing the width
goes into the saturated region when the length is more than 500 Å, the saturation of the
side slope happens earlier than the saturation of the width.
In Fig.3.11, we plot the height versus length of "short" nanowires is in a range of
5~18 Å and "long" nanowires is in the range of 25~ 45 Å, dropping the wires in the range
of 18-25 Å. The height of the "short" nanowires increases along with the length, however,
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the height of the "long" nanowires shows no increase as the length increases. Unlike the
cases of Fig.3.9 and Fig.3.10 that we can combine the scatter spots of two films as a
whole in our analysis, in the case of Fig.3.11 the height distribution of the two nanowire
systems shows that we do not have a single monotonic trend in the growth in height
versus width. We think that the substrate temperature when depositing or annealing plays
an important role on the height versus length relationship of the nanowires. At lower
temperatures such as room temperature, the Ag adatoms likely find it difficult to
overcome step energy barriers that allow the nanowires to grow higher. In Fig.3.9 and
Fig.3.10 we expect that the width and side-slope angle will saturate regardless of the
temperature if the annealing duration is long enough, and on the contrary, the saturated
height must be a function of temperature, as shown by the dashed lines in Fig.3.12. From
our experience, long Ag nanowires on Cu(110) with saturated width, side slope and
height will be grown by depositing the silver at substrate temperatures between 80ºC to
200ºC.
In Fig.3.12, we plot hard-ball models showing various possible surface terminations
of the nanowires and their corresponding slope angles. We simply plot these models
based on the bulk Ag lattice parameters and ignore any deformation caused by the Ag/Cu
or Ag/Ni interface strains. Actual nanowires may not restrict their side surfaces to the
models. Their side surfaces may be the mixture of some of the model surfaces distorted
by strain. There are two basic units to construct the model side surfaces: a sloping {111}
face, one layer high and one-half lattice wide, and a horizontal {110} subsurface with one
lattice wide. The index pair of "m, n" represent the periodic unit of one possible model
side surface, where "m" represents the number of the connected {111} units in the
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Fig. 3.12. Some nanowire side slope angles calculated from bulk Ag data. More
slope angles are shown in Table 3.1.
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periodic unit and "n" represents the number of the connected {110} units in the periodic
unit. We also calculated more possible side surfaces and their slope angles as shown in
Table. 3.1. The calculated model surfaces have side slope angles from 13º to 35º. The
reason only n=1 and 0 have been selected in the table is that we think the indexes of "m,
n" with "n"=1 or 0 is more "basic" than the other possible indices, for example, "3, 2".
Surfaces with the index pair of "3, 2" has the same slope angle as the surfaces with mixed
index pairs of "2,1" and "1,1" (or with the periodic unit constructed by mixture of the
"basic" units of "2,1" and "1.1").

Table. 3.1. Some Calculated Slope-angles of the Ag-nanowire Side-surfaces

Number of
{111} steps
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
1

Number of
(110) platform
lattices
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0

Slope of
bulk-Ag
(degree)
13.25
19.46
22.98
25.22
26.78
27.92
28.79
29.48
30.03
30.49
30.87
31.20
31.48
31.73
31.94
35.25
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Slope of
Ag/Cu(110)
(degree)
16.74
24.28
28.43
31.03
32.80
34.08
35.06
35.82
36.43
36.94
37.36
37.72
38.02
38.29
38.52
42.06

Slope of
Ag/Ni(110)
(degree)
17.54
25.37
29.64
32.30
34.12
35.43
36.42
37.19
37.81
38.32
38.75
39.11
39.42
39.69
39.92
43.48

As we discussed in a former section, interfacial interactions must play a major role
on the formation of the nanowires. The key point is whether there exists a strong latticemismatch strain field to play a major role governing the formation of the nanowires. The
issue is that the lattice mismatch between Ag and Cu (or Ni) is so large that Ag must
compress its lattice up to 11% on Cu and 14% on Ni to achieve complete lattice
coherence. The LEED studies have shown there is no lattice coherence along the
nanowires. If the nanowires are coherent across the wires, it is really hard to imagine that
twenty to fifty Ag atoms in a row have been compressed 11~14% in some form of selfassembly. In the LEED and MEIS studies of multilayer Ag film growth a decade ago by
Taylor, etc. [12, 14], they said "blocking measurements from the Ag clusters indicate that
they are strained relative to a pure fcc material, giving blocking angles that are elevated
relative to a perfect fcc materials." They never knew the clusters were in wire shape at
their time in the case of lacking STM data. They believed the Ag was in-registry with the
substrate troughs at the Ag-Cu interface. One possible solution to this issue with the
strain building beyond physically acceptable levels by lattice coherence, is that the lattice
does not simply sit in registry through out the width, i.e., there are some dislocations that
permit the whole width to be composed of several coherent lattice units. Therefore, there
will be some widths that are energetically favored, essentially quantum widths. Another
concern about the quantum width effects is related to the electron confinement (< 350 Å)
in the cross-wire direction, which can possibly lead to quantum size effects.
In light of these concerns, we measured the width of nanowires in two films and
made the width distribution plots as shown in Fig.3.13 and Fig.3.14. One film is
Ag/Cu(110) deposited at 3 ML at 20ºC, the other is Ag/Ni(110) deposited at 5 ML at
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Fig. 3.13. Width distribution of Ag/Cu(110) nanowires (3ML, 20ºC) from the
STM data in Fig.3.8(a). (a) plotted in width units of Å, (b) in width units of 3.62
Å, the substrate Cu(110) lattice distance.
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Fig. 3.14. Width distribution of Ag/Ni(110) nanowires when deposited 5ML at
85ºC, (a) in width units of 1 Å, (b) in width unit of 3.53 Å, the substrate Ni(110)
lattice distance.
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85ºC. We plotted each of the distributions in two size units, one in terms of Angstroms
(Å) and the other in terms the size of the substrate lattice, a. Both of the distributions are
Gaussian, especially the distribution of Ag/Cu(110) nanowires. The width distributions of
the Ag/Cu(110) nanowires follow a much wider range for wide wires compared to
narrower wires. Another feature of the width distributions is of the sub-peaks, spaced by
4 or 8 lattices, as indicated by the arrows Fig.3.13 and Fig.3.14. The sub-peaks hint the
possible existence of quantized size effects. However, a settled conclusion needs better
statistics which can be realized in future research by taking additional STM images at
various positions of the film surface.
The asymmetry of the width distributions may hint at the degree to which the
growth in width is incomplete, if we suppose the saturated width distribution should be
Gaussian. For example, the growth of the Ag/Cu(110) nanowires in Fig.3.13 was at a
relatively low temperature of 20 ºC and at an initial phase as shown by the discussion of
the scatter plot of the Fig.3.9.

3.3.1.3. Temperature and coverage effects on the crystal growth of the nanowires
The growth of the Ag nanowires on Cu(110) or Ni(110) is driven by a competition
between thermodynamic energies and kinetic limitations in approaching these limits.
Various treatment processes result in various morphologies. The treatment process may
consist differing deposition and annealing treatment conditions, such as substrate
temperature when deposition, annealing temperature, annealing duration, deposition
coverage and deposition rate.
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In Fig.3.15, we show an example of how annealing affects the nanowire growth.
The Ag film was deposited at 3 ML at 20 ºC, as shown in Fig.3.15(a). The nanowires are
at their initial stage of growth and do not exhibit the Ostwald ripening in length that
corresponds to island growth. The width, side-slope and height of the nanowires are far
from their thermodynamic equilibrium that is found at higher coverages and higher
annealing temperatures. When we annealed the same film at 100 ºC for 20 min, the wires
coalesce and elongate as shown in Fig.3.15(b). Significantly longer nanowires appear and,
at the same time, some smaller Ag islands and short nanowires disappear. The
phenomena means the longer nanowires elongate themselves by Ostwald ripening and the
whole system of surface plus Ag adsorbed-atoms decreases its surface area thus its
surface energy. The higher annealing temperature has two major roles to help the
nanowire grow. First, it helps the Ag atoms overcome the step edge barriers on the side
facets of the nanowires and then lets the nanowires grow higher and wider. Secondly, the
higher annealing temperature is to accelerate the mobility of the Ag atoms on the surfaces
and then accelerate the Ostwald ripening and the self-assembly into longer wires.
The STM images in Fig.3.16(a) and Fig.3.16(b) show the effect of substrate
temperature during deposition on the nanowire growth. The film in Fig.3.16(a) was
deposited at 3ML at 20 ºC and the film in Fig.3.16(b) was deposited at 3ML at 100 ºC.
The higher substrate temperature results in much longer nanowires. The nanowires grow
larger by absorbing the newly deposited Ag adatoms and by Ostwald ripening to increase
the wire length. The film in Fig.3.16(c) was deposited at 5 ML at -5 ºC and followed by
annealing at 150 ºC for 10 min. For comparison, the film in Fig.3.16(d) was deposited at
4 ML at 100 ºC. The nanowires in Fig.3.16(d) are much longer than the nanowires in
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(a)

400 Å

(b)

400 Å

Fig. 3.15. STM images of Ag/Cu(110) nanowires annealed at different
temperature: (a) 3ML at 20ºC followed by (b) annealing at 100ºC for 20min.
The Ostwald ripening of the nanowire corresponds to a saturated width but
increased length.
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(b)

(a)

400 Å

400 Å

(c)

(d)

1000 Å

1000 Å

Fig. 3.16. STM images of Ag/Cu(110) nanowires at different deposition
temperature: (a) 3ML at 20ºC, (b) 3ML at 100ºC, (c) 4ML deposited at -5ºC
followed by annealing at 150ºC for 10min., and (d) 4ML at 100ºC .
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Fig.3.16(c) even though their annealing temperature (150 ºC) is higher than the
temperature when depositing of the film in Fig.3.16(d). The comparison between the
STM images in Fig.3.16(c) and Fig.3.16(d) demonstrates that the elevated temperature
during deposition is more effective than the same temperature when annealing on the
nanowire elongation or growth. When a film is annealed at an elevated temperature, the
nanowires grow larger solely by Ostwald ripening; however, when a film is being
deposited at the same temperature, the nanowires grow by both Ostwald ripening and
absorption of the deposited adatoms at their lower energy locations. These locations are
not the same in both conditions.
The two STM images in Fig.3.17 show the effect of coverage on nanowire
morphology. The film in Fig.3.17(a) was deposited at 4ML at 60ºC and the film in
Fig.3.17(b) was deposited at 16ML at 60ºC. The film with higher coverage has longer
nanowires.
As we mentioned in the experimental method section (Sec. 3.2), there are two
methods of deposition and annealing treatments to obtain nanowires when the Ag
coverage less than 10 ML. One way is simply to deposit at elevated substrate temperature
(20 ~200 ºC), another is to deposit at low temperature and anneal the film at an elevated
temperature. The STM images in Fig.3.18 show the growth process by the second
treatment method. The Fig.3.18(a) shows the Ag film deposited up to 3ML at -70 ºC on
Cu(110). The substrate is covered completely by nano-crystalline clusters with lateral
dimensions of around 100 Å. There are no clear grain boundaries between any two
nanoclusters and the height difference on the surface is in a small range of 2~5 Å or
around 2~4 monolayers. The clusters are not completely crystallized. They have nearly
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(a)

400 Å

(b)

400 Å

Fig. 3.17. STM images of Ag/Cu(110) nanowires in different coverages: (a) 4ML
at 60ºC, (b) 16ML at 60ºC.
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(a)

(b)

100 Å

(c)

100 Å

(d)

400 Å

400 Å

Fig. 3.18. STM images of AgCu(110) nanowires grown from layer of clusters: (a)
3ML deposited at -70ºC, followed by annealing at (b) 25ºC for 1.5 hrs (Ag(111)
holes and more ordered Ag(110) layer appear), (c) 100ºC for 10 min (nanowires
appear with coexistence of the Ag(110) overlayers) and (d) 120ºC for 40min (all
the Ag(110) overlayer has transformed into the nanowires).
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(110) structure by STM study of similar clusters of other samples (refer Fig.3.26). The
clusters also have superstructures of 18 Å in length, 14 Å in width and 0.6 Å in height
(measured from STM images not shown here). The nanocluster formation is the result of
the reduced mobility of the Ag atoms at such a low temperature.
Following this, annealing to room temperature (25 ºC) for 1.5 hours resulted in the
change of film morphology to that shown in Fig.3.18(b). Smoother 2D films form from
the cluster-built 2D film of Fig.3.18(a). By STM study of similar films of other samples,
we know the 2D film has a (110) structure. The Ag(110) film has clearer superstructure
than that in Fig.3.18(a). There are some holes that appear in the film. Inside the holes
exist step edges of the substrate and domain boundary troughs of Ag(111) on Cu(110).
The other STM images (not shown here) which cover bigger regions have shown that the
holes scatter along in chains along the substrate step edges, and the step edges expose
central parts of the holes. The holes seem to prefer to originate at step edges.
Upon further annealing, the sample of Fig.3.18(b) at temperature of 100 ºC for 10
min, the nanowires appear in coexistence with the Ag(110) overlayers, as shown in
Fig.3.18(c). After annealing the sample of Fig.3.18(c) at 120ºC for 40 min, the residue of
the Ag(110) overlayer pieces disappear; and the atoms coming from the destructed
Ag(110) overlayer pieces mainly join processes of either nucleation of new nanowires or
growth of the existed nanowires.
The STM images in Fig.3.19(a) show nanowires grown with a high coverage of
silver. The first three STM images in Fig.3.19(a)-(c) are sequential images of samples
created by additional Ag coverage. The first sample was grown by depositing 3ML Ag at
50 ºC and evaluated by STM when the sample was at -150 ºC, as shown in Fig.3.19(a);
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(a)

(b)

1000 Å

1000 Å

(c)

(d)

1000 Å

1000 Å

Fig. 3.19. STM images of AgCu(110) nanowires in high coverages: (a) 3ML at
50C, followed by (b) 7ML more deposition at 50C (total 10ML), then followed by
(c) 2ML more deposition at 50C (total 12ML), and (d) another deposition of
16ML at 60C.
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then an additional 7ML Ag was deposited on the sample at 50 ºC and looked at with STM,
shown in Fig.3.19(b); the third panel shows a sample grown by depositing 2ML Ag on
the sample of Fig., 3.19(b) to obtain nanowires as shown in Fig.3.19(c), at this point, the
total coverage of the film was 12 ML. The sample in Fig.3.19(d) was grown following a
final sequence of deposition and STM observation with a total coverage of 16ML
deposited at 60 ºC.
The last three STM images display a very interesting phenomenon. Even though the
coverages are very high, most of the nanowires do not merge side-by-side. The nanowires
appear as if they repelled nearby nanowires and adjust their inter-wire spacing through a
repulsive interaction. If there were no strain fields between two nearby nanowires, the
newly deposited Ag adatoms would fill the valley formed by two nearby nanowires and
would result in a flat surface morphology. The morphologies of the dense nanowires in
Fig.3.19(b)-(d) are believed to support the existence of significant strain fields in the
substrate, carried through to the nanowires exposed on the surface. The strain fields that
we refer to are implied to be induced by the enforced lattice coherence in the [001]
direction (or across-wire direction) at the Ag-Cu or Ag-Ni interfaces between the Ag
nanowires and the substrates.

3.3.2. LEED Observations
It is very difficult to obtain atomic resolution image of the nanowire facets, in part
because of the corrugation of the surface. However, LEED studies give us some
additional information about the atomic structure of the nanowires. Nearly a decade ago

82

Taylor et al. studied Ag growth on Cu(110) by MEIS and LEED methods, but they did
not expect the nanowire formation for lack of real-space experimental data[12,14].

3.3.2.1. LEED patterns of the nanowires
The LEED pictures in Fig.3.20 show the patterns from clean Cu(110) and
Ag/Cu(110) films of nanowires with various coverages (2-25 ML) deposited at 90 ºC.
Unless stated otherwise, the LEED patterns were always taken at a sample temperature of
-170 ºC to improve the LEED quality. Fig.3.21(a) gives an enlarged LEED picture of
Ag/Cu(110) nanowire film by depositing 15 ML Ag at 90 ºC. Fig.3.21(b) gives a
schematic plot of the LEED of Fig.3.21(a) showing the origin of the spots. Each of the
LEED patterns of the nanowire film can be divided by three groups. The first group
includes the spots from the diffraction of the substrate Cu(110), as indicated by the large
dots in Fig.3.21(b); the second group includes spots from the diffraction of the Ag(111)
overlayer, as indicated by the smaller spots in Fig.3.21(b); and the third group includes
the dispersive lines from the diffraction of the Ag nanowires, as indicated by the dashed
line in Fig.3.21(b).
The LEED patterns in Fig.3.20 display the changes in the intensities of the three
groups of LEED patterns as the coverage varies. We have noticed that intensities of the
patterns related to the substrate Cu(110) and the Ag(111) decrease and intensity of the
pattern related to the Ag nanowire increases as the Ag coverage gets higher. The trend
displayed by these LEED patterns is consistent with changes in film morphologies that
occur as the nanowires cover an increasing surface area when the Ag coverage rises.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3.20. LEED patterns (70 eV) for Ag/Cu(110) in various coverages deposited
at 90ºC: (a) clean Cu(110), (b) 2ML, (c) 10ML (adding 8ML to (b)), (d) 15ML,
(e) 20ML (adding 10ML to (c)), and (f) 25ML (adding 10ML to (d)).
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Fig. 3.21. LEED patterns (130 eV) for Ag/Cu(110) by depositing 15ML at 90ºC.
Dashed lines indicate LEED pattern from the nanowires, big dots indicate spots of
the substrate Cu(110) and small dots indicate spots of the Ag(111) overlayer.
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The LEED pattern related to the Ag(111) is a p(2×7) pattern with modulation of
the c(2×4). The p(2×7) fractional-order spots of (0, 3/7), (0, 4/7), (1/2, 1/7), (1/2, 2/7),
(1/2, 5/7), (1/2, 6/7), (1, 3/7), and (1, 4/7) form the split c(2×4) pattern, as shown by the
LEED in Fig.3.20 and the schematic plot in Fig.3.21(b). Our LEED patterns of the
Ag(111) overlayer in coexistence with the nanowires are consistent with our STM
observations. Once again, we confirm the coexistence of p(2×7) and c(2×4) structures
of the distorted Ag(111) overlayer, a model formerly proposed by Taylor etc. based on
LEED and MEIS studies [14] (ref. Fig.3.2). The seventh fractional-order spots are
–
somewhat dispersive along the [110] direction. The feature may come from the limited
sizes of the Ag(111) domains along the [–110] direction (~ 40 Å) and/or the domain
boundary.
Another additional feature of the LEED pattern is the satellite spots on both sides of
the Cu(110) spots in the [–
110] direction. They are about 1/20~1/15 of the reciprocal
lattice from their nearby main spots. The satellite spots indicate an existence of a
superstructure along the [–
110] direction with the periodic unit of 30 ~ 50 Å. In our STM
observation, we have not found structures with this periodic size except the Ag(111)
domain boundary troughs which are about 40 Å apart (ref. Fig.3.1(a)-(b)). However, from
the present data, we can not role out other possible reasons, such as a reconstruction of
the substrate or the nanowires caused by the complex strain fields.
The most interesting feature of the LEED patterns of the nanowire films is the
nanowire-related dispersive streaks. The streaks have a separation of 8/9th the reciprocal
lattice of the substrate Cu(110) along the [–110] direction (2.88 Å =9/8 × 2.56 Å). The
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streaks indicate the nanowires have a bulk Ag(110) periodic unit along the [–110]
direction. As mentioned in a discussion of the nanowire structure in a later section, the
STM observations show that the crystal structure of the nanowires is a (110) structure
from the top-view of the film. The bulk Ag lattice period along the nanowires indicates
the nanowires are free from strains along the [–110] direction. The explanation of the
dispersion of the nanowire-related LEED pattern along the [001] direction must be
complex. There are many possible origins for the dispersion or spot streaking, for
example, the nanometer scale size of the nanowire width, the stepped surfaces of the
nanowire side facets, potential lattice parameters that vary layer-by-layer due to the relief
of the cross-wire strains, and even variations in coherence in the diffraction from
neighboring nanowires.
Fig.3.22 shows a sequence of LEED patterns taken as a function of the incident
electron beam energy. As the primary electron beam energy is increased, one can see
that the Cu(110) and the Ag(111) related spots converge on the center of the screen. In
addition, there are streaks due to the nanowires. The nanowire diffraction streaks
gradually diminish in intensity with an increase in the electron beam energy. There is
evidence for structure within these streaks which moves along the streaks as the electron
energy varies. The motion of these features comes from the side facets of the nanowires
and they converge to points outside the screen which we will discuss in the next section.

3.3.2.2. Convergence points for the two side-faces
Fig.3.23(a) shows a streak LEED photo of the 15 ML Ag/Cu(110) film taken at
90ºC. The camera was exposed to the LEED screen while continuously changing the
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 3.22. LEED patterns in different electron energies for Ag/Cu(110) of 15ML
at 90ºC: (a) 40 eV, (b) 60 eV, (c) 80 eV, (d) 100 eV, (e) 120 eV, (f) 140 eV, (g)
160 eV, and (h) 180 eV.
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(a)

(b)

Fig. 3.23. Streak pattern for AgCu(110) of 15ML at 90ºC. There are three
convergence points: one is in the center of picture attributing to the Ag(111)
overlayer, two other convergence points, which attribute to the two side surfaces
of the nanowires, are located at outside of the top and bottom of the screen.
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primary electron beam energy. Fig.3.23(b) shows the same streak photo as that in
Fig.3.23(a) with lines overlaid to highlight the directions of spot motion. The figures
indicate that there are three convergence points, one at the center of the screen and the
other two are symmetrically at the top and the bottom, outside the screen. The central
convergence point is to the monolayer thick Ag(111) located between the nanowires as
well as the substrate Cu(110); the upper and lower convergence points are due to
diffraction from the side facets of the Ag nanowires.
To study the side-facet-related convergence points, we rotated the same sample of
Fig.3.23(a) downward to move the upper convergence point into the screen, as shown by
the point "A" in Fig.3.24(b). Another streak LEED photo was taken after the sample
rotation, as shown in Fig.3.24(a). With the help of the overlaid lines in Fig.3.24(b), we
can recognize that the point "A" is the upper convergence point attributed to diffraction
from one of the side facets of the nanowires. The convergence point "B" is due to the
Ag(111) overlayer and the substrate. In our experiment, we rotated the point "A" to the
central position on the screen and found the rotation to be 25º which indicates that the
average nanowire side slope was 25º. The average slope angle of the sample in Fig.3.24
is consistent with the side slope angle distribution (Fig.3.8(b) and 3.10) of the samples
produced by depositing 3ML of Ag at -70ºC followed by annealing at 120 ºC for 40 min.

3.3.3. Discussion on the Atomic Structure Model of the Nanowire
In this section we build a picture of the nanowire atomic structure based on the
present STM and LEED data for Ag nanowire films on both Cu(110) and on Ni(110).
Because the nanowires are usually as high as 30 ~ 50 Å, the extraordinary corrugation of
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(a)

(b)
A

B

Fig. 3.24. Streak pattern for AgCu(110) of 15ML at 90ºC. The sample of Fig. 3.23
was rotated to let the top convergence point into the screen, as indicated by dot
“A”. The central point was moved to the bottom, as indicated by dot “B”. It is 25º
rotation to move “A” to the same level of the screen center, which means the
average slope angles of the nanowire side facets is 25º.
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the film surface makes it is very rare for us to achieve atomic resolution in the STM
images. Fortunately the STM image in Fig.3.25 shows some locations with the atomic
structures on the tops and on the sides of the nanowire. The nanowire was grown by
depositing 5 ML Ag on Ni(110) at 85 ºC. The atomic structures become clearer if the
image is treated by a high-pass filter, as shown in Fig.3.25(b). The letter "A" in the
Fig.3.25 marks the top of the nanowire, and the letter "B" marks the side facet of the
nanowire. The top and the side of the nanowire have a two-fold symmetry so that the
nanowire structure normal to the surface should be (110). The well-ordered periodic array
of the atoms on the side of the wire, as shown nearby "B" in Fig, Fig.3.25(b), confirms
the facet feature of the nanowire side surfaces.
As discussed in the section 3.3.2, the LEED patterns of the nanowires have
suggested a bulk Ag(110) lattice constant along the [–110] direction (or along-wire
direction). The confirmation of the lattice parameter in the [001] direction (or across-wire
direction) is much more complex than that in the [–110] direction. The key point to
understand the nanowire growth is the lattice coherence-induced strain at the Ag-Cu and
Ag-Ni interface in the across-wire direction. In our studies we have not found any direct
evidence of the strain and corresponding lattice coherence. This is due to the fact that
much of the strain as well as the degree of lattice coherence is buried at the Ag-Cu or AgNi interface deep under the nanowires, making it hard for STM and LEED methods to
evaluate them. Nevertheless we have some indirect evidence regarding the interfacial
strain or lattice coherence. A collection of some information from our experiments as
well as of others is listed:
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(a)

B
A

20 Å

(b)

B
A

20 Å

Fig. 3.25. (a) STM image across the Ag/Ni(110) nanowire (5ML at 85ºC), (b) the
same STM image as in (a) by using high-pass filter, which showing the atomic
structure of the nanowire. “A”: top of the wire, “B”: side of the wire.
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1) In the MEIS studies of multilayer Ag film growth at 27 ºC by Taylor, et al. [12],
the blocking measurements from the Ag(110) clusters gave blocking angles that were
large relative to perfect fcc materials, which indicated the Ag(110) clusters were strained.
Even though the authors did not provide the morphology of the "Ag(110) clusters" due to
lack of STM or other microscopy data at that time, the "Ag(110) clusters" that they
studied are likely to be the Ag(110) nanowires that we observe because of our similar
growth conditions.
2) The extraordinary anisotropy (with observed aspect ratios of up to 20:1) of the
nanowire growth between along-wire and across-wire directions, or the width growth
limitation can be explained by a coherence between the nanowire and substrate lattices in
the [001] direction. As the nanowires become wider, coherence of the lattices result in an
increase in strain energy, eventually limiting growth in this direction.
3) The tendency of nanowires to repel each other and avoid merging at very high
coverage (Fig.3.19) is consistent with a substrate mediated strain field along the [001]
direction that prevents the filling of space between two nearby nanowires.
4) Nanowires grow continuously across the steps and the nanowire-induced strain
fields in the substrate, propagate across substrate steps and help to correlate the part of a
across-step nanowire on the upper terrace and the part of the nanowire on the lower
terrace at a steps (Fig.3.6(a)).
Among the four points mentioned above, the third is believed to be the strongest
and the most straight forward observation that supports the notion of a substrate-mediated
strain field that produces the highly anisotropic nanowire growth.
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The high percentage of lattice compression that is required is a major drawback of
this interfacial lattice coherence model. For lattice coherence of Ag to the substrate, one
needs to compress the Ag lattice by 11% on Cu and 14% on Ni. For a normal nanowire,
there are 20 ~ 50 Ag atoms in a row across the wire. This means that the nanowires must
compress themselves up to 2 ~ 7 Å to keep the lattices coherent and this large
compression seems to be physically quite abnormal.
In the following paragraphs we discuss the Ag(110) multilayer that forms on
Cu(110) for low Ag coverage and low annealing temperatures. This Ag(110) multilayer
is in-registry with the substrate along the [001] direction shown by LEED. The STM
images in Fig.3.26 display the partially-crystallized Ag clusters on Cu(110) by depositing
12ML at -60 ºC. If the coverage of the cluster-overlayer is less than 5 ML, as the one in
Fig.3.18(a), the cluster-layer will be transformed to a Ag(110) multilayer as those in
Fig.3.27. The STM image in Fig.3.26(b) shows the atomic structure of the clusters. The
atoms of the clusters retain a periodic order over several units of the (110) lattice. The
reduced mobility of the Ag atoms at such low annealing temperatures prevents the
formation of long-range periodic order. The atomic structure of the clusters tends to
mimic the (110)-structure of the substrate.
The STM image in Fig.3.27(a) shows a Ag(110) multilayer grown by depositing
4ML Ag on Cu(110) at -5ºC. A Ag(110) nanowire (“A”) and a small/short nanowire
(“B”) of the image are surrounded by the Ag(110) multilayer. The Ag(110) overlayer has
a two-fold superstructure formed by varied heights with a periodic unit along the [–110]
direction of eight substrate lattice constants and periodic unit along the [001] direction of
three or four substrate lattice constants. The STM image in Fig.3.27(b) shows a Ag(110)
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(a)

200 Å

(b)

20 Å

Fig. 3.26. (a) STM image for Ag/Cu(110) deposited 12ML at -60ºC. There are
small clusters cover the whole surface. (b) Zoom-in STM of (a), which shows the
atoms in the clusters are nearly ordered in structure (110).
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100 Å
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100 Å

Fig. 3.27. STM images for Ag/Cu(110). (a) Deposited 4ML at -5ºC. The Ag(110)
multilayer has a superstructure with period unit along [110] of eight substrate
lattice distance and periodic unit along [001] of three substrate lattice distance. (b)
Deposited 3ML at -70ºC followed by annealing at 100ºC for 10 min.
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overlayer coexisting with the Ag(111) monolayer. The film was grown by depositing
3ML Ag on Cu(110) at -70ºC followed by annealing at 100ºC for 10 min. The Ag(110)
overlayer has a superstructure with periodic units along [–110] and [001] directions similar
–
to the Ag(110) overlayer in Fig.3.27(a). Along the [110] direction seven Ag lattices cover
the eight substrate lattices; along the [001] direction, the Ag lattice is coherent to the
substrate. The Ag(110) multilayer relaxes its lateral compression locally by adjusting the
vertical lattice constants, and the vertical adjustment with varied heights forms the lateral
superstructure pattern. The small nanowire (“B”) in Fig.3.27(a), with height of about
eight layers, is in the initial stage of nanowire growth. The STM picture shows the short
nanowire accommodates the same superstructure as the Ag(110) multilayer. The
superstructure feature of the small nanowire hints the possible extension of the
superstructure from the Ag(110) multilayer to the first few layers (initiated from the
substrate) of the normal nanowires as “A” in Fig.3.27. If so, it would be natural for the
nanowire width to increase in a step of about 3 or 4 lattice distances. The supposition of
the superstructure in the underlying first few layers of the normal nanowires is one of the
possible reasons for the subpeaks in the width distribution in Fig.3.13 and 3.14. The
superstructure of the Ag(110) multilayer, the initial stage small Ag(110) nanowire, or the
supposed superstructure of the first few layers of normal nanowires, are strain-related due
to lattice registry of mismatched lattices.
The LEED pattern in Fig.3.28(a) shows the diffraction of 8 ML Ag/Cu(110)
deposited at -175 ºC followed by annealing at 120 ºC for 15min. The LEED was taken at
-175ºC with electron energy 34 eV. The spots indicate that the film has a (110) structure,
consistent with the LEED pattern originating from a Ag(110) overlayer. Due to the
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Fig. 3.28. LEED patterns for Ag/Cu(110): (a) 8ML deposited at -175ºC followed
by annealing at 120ºC for 15min, LEED was taken at -175ºC with electron energy
34 eV. The satellite spots indicates the substrate is covered by the Ag(110)
overlayer, which is dislocated along the [110] direction with periodic unit of eight
substrate lattices and commensurate along the [001] direction with periodic unit
of three or four substrate lattices. The real space picture should be similar to that
in Fig. 3.27(a); (b) 4ML deposited at -175ºC followed by annealing at 50ºC for
15min, LEED was taken at -175ºC with electron energy of 140 eV. The LEED
pattern indicates the substrate is covered by both the Ag(111) and Ag(110)
overlayers, the similar real space picture as that in Fig. 3.27(b).
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limited electron mean-free path, diffraction from the substrate should not be observed
–
when it is covered by such a thick overlayer. The satellite spots along the [110] direction
show the periodic unit of eight substrate lattices along the [–110] direction. No satellite
spots appear in the LEED photo to show the superlattices along the [001] direction. The
spots might be too weak to appear. The morphology of the film of Fig.3.28(a) should be
similar to that in Fig.3.27(a). The LEED pattern in Fig.3.28(b) is for Ag/Cu(110) film of
4ML deposited at -175ºC followed by annealing at 50ºC for 15min. The LEED was taken
at -175 ºC with electron energy of 140 eV. The LEED pattern indicates that the substrate
is covered by either the Ag(111) monolayer or the Ag(110) multilayer. The film
morphology should be similar to that shown in Fig.3.27(b). The satellite spots near the
Cu(110) spots are from the superlattice of the Ag(110) multilayer along the [–110]
direction. The fact that satellite spots appear on each side of the Cu(110) spots in the [001]
direction indicates the Ag(110) multilayer is in-registry to the substrate along the [001]
direction.
Based on the experimental data and this discussion, we suggest a model of the
nanowire atomic structure which in turn helps us to understand the present experimental
data, shown in Fig.3.29 and Fig.3.30. From a top-view, the nanowire has a (110) fcc
structure with the same orientation of the substrate Cu(110) or Ni(110). Its lattice is
incommensurate or decoupled from the substrate along the [–110] direction, however, it is
coherent along the perpendicular [001] direction at the interface of Ag-Cu or Ag-Ni, as
shown in Fig.3.29(a). The interfacial lattice coherence along the [001] direction induces
strain fields in the nanowire and the substrate, especially in the several monolayers that
are located close to the interface. The cross-section of the nanowire is an equilateral
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Ag(110)

A

Ag(110)
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25°
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101 Å

Fig. 3.29. (a) Schematic of the Ag-nanowires, (b) atomic model of the
Ag/Cu(110) nanowire cross-section. In the model, we suggest the nanowire is
strained and commensurate to the substrate across the wire at the interface. The
model has shown both the features of compressing commensuration at the
interface and relaxation at the upper layers. Real nanowires might have
dislocation at some points, i.e., some strained units across the wire.
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[001]
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_
[110]
[001]
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Fig. 3.30. (a) Atomic models for the Ag(111) overlayer on Cu(110) based on
STM and LEED observations, (b) model for the interface of the Ag(110)
nanowire and the Cu(110) substrate. The models were also suggested by Taylor,
etc. [14]. The dash lines eye-guide the in-registry to the substrate troughs.
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trapezoidal shape. The substrate surface areas in between the nanowires are covered by a
Ag(111) monolayer. The suggestion that we have a lattice coherence in the [001]
direction implies that the nanowire does not sit on a Ag(111) monolayer, but sits on the
substrate directly.
One model of the interfacial atomic structure is shown in Fig.3.30(b). The Ag atoms
are in-registry with the [–
110] troughs (or coherent along the [001] direction). They have a
–
Ag(110) lattice constant along the [110] direction and a Cu(110) lattice constant along
the [001] direction. Note that the real nanowire may not be incoherent throughout the
long axis, but mix several incoherent lattices with several coherent lattices repeatedly
along the [–
110] direction; and may also repeatedly accumulate coherent strains across the
nanowire for several coherent lattices followed by a dislocation to release some of the
strain. Comparing the interfacial structure of the Ag(111) as shown in Fig.3.30(a), the
Ag(110)-Cu(110) interfacial structure of the nanowire in Fig.3.30(b) has two-fold
–
symmetry which is in-registry to the [110] substrate troughs. In a similar way, the Ag(111)
monolayer is in distorted three-fold symmetry which is in-registry to the [001] troughs.
The interfacial-lattice coherence-induced strain field is accompanied by a lattice
deformation, and this can be seen in the schematic model of the cross-section displayed
in Fig.3.29(a) and (b). This drawing shows a particular wire cross-section and the width,
side slope and height varies for real nanowires. The nanowire model in Fig.3.29(a) also
shows that the side surfaces of the nanowire are {332} facets, which are composed by
small pieces of (110) and {111} facets (ref. 3.12 and Table 3.1).
In Fig.3.29(b) the interfacial lattices are drawn to scale with the Ag and Cu lattices.
The expected lateral lattice expansion as one proceeds farther from the interface is also
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shown in the drawing. A vertical lattice expansion in the nanowire, and a lateral substrate
lattice expansion under the nanowire and a compression outside the nanowire must exist
but are not shown by the drawing in Fig.3.29(b). However, the substrate lattice
deformation is suggested in the schematic of Fig.3.29(a). It is not reasonable for the
nanowire to relax all of its strain abruptly in one or two layers when one considers the
large lattice misfit. The lattice should relax gradually, layer by layer. We expect that the
upper part of the nanowire should be almost free from the strain and lattice deformation.

3.3.4. Discussion on Growth Mechanism
Based on the suggestion of the interfacial lattice coherence of the nanowires and our
experimental observations, in this section we try to understand: 1) the mechanisms for
initial nanowire nucleation; 2) why the island growth results in the faceted side faces and
the trapezoidal shape cross-section of the nanowires; 3) why the growth in nanowire
width dramatically stops when it reaches a "saturated" value; and 4) why the nanowires
do not merge and seem to repel one another even though they grow very close to one
another at high coverage (10 ~ 20 ML).

3.3.4.1. Nucleation
For coverages lower than 10 ML, there are two methods to grow the nanowires.
One is to deposit Ag onto the substrate at temperature of 25 ºC ~ 200 ºC, and the other is
to deposit Ag at low temperature (< 25 ºC) followed by annealing at 100 ºC ~ 200 ºC for
several tens of minutes. In the first method, the Ag nanowires develop initially from Ag
nanoclusters that nucleate at the edges of steps or at Ag(111) domain boundaries. In the
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second process, the nanowires develop from intermediate phase islands transformed from
the Ag(110) multilayer. The nanoclusters in the first process and the intermediate islands
in the latter process are important initial steps of the kinetic pathways leading to the
growth of the faceted nanowires.
In this chapter we have found that the Ag atoms on the Cu(110) or Ni(110)
substrate have four kinds of morphologies or structures. In addition to this, the Ag(110)
can actually form atomically flat films with other treatment on both Cu(110) or Ni(110),
and we will discuss this in the next chapter. This means that we find five different
structures form for Ag atoms on Cu(110) and Ni(110). The four phases of the Ag atoms
in this chapter are as following:
1) Partially crystallized nanoclusters form when Ag is deposited at low temperature
(-60 ºC), as shown in Fig.3.18(a) and Fig.3.26 in which the atoms are arranged in a
pseudo-(110) structure.
2) A Ag(110) multilayer forms when depositing Ag at only slightly reduced
temperatures (for example -5 ºC) or by annealing the nanoclusters, as produced in 1), to
25 ºC ~ 100 ºC. These films are shown in Fig.3.18(b) and Fig.3.27, and the additional
thermal energy allows the film to relax lateral strains and adjust the vertical spacings to
form rectangular superlattices.
3) Ag(111), as shown in Fig.3.1 and Fig.3.3, forms from a single monolayer of Ag
deposited on Cu(110) or Ni(110).
4) The Ag(110) nanowires, as shown Fig.3.6 form following deposition of more
than a monolayer (>1.2 ML) of Ag followed by annealing for extended periods (tens of
minutes) at elevated temperatures (100-120°C).

105

The STM picture in Fig.3.31(a) exhibits a nearly (110) unfaceted nanocluster
formed in a pit of the Ag(111) monolayer on Ni(110) in the upper right of the image. The
high-pass filter treated STM image in Fig.3.31(b) shows clearer atomic structure. Small
clusters are also found in STM images of Ag nanowire growth on Cu(110), as shown in
Fig.3.32. These small clusters are believed to be (110) structures similar to the
nanocluster on Ni(110) in Fig.3.31. As we mentioned in the former section, the Ag atoms
on Cu(110) or Ni(110) prefer (111) structure when local coverage close to 1.2 ML, but
nucleate a (110) structure when local coverage is several monolayers. If the coverage is
1.2 ML and the Ag(111) monolayer has been formed, Ag adatoms from additional
deposition will nucleate to form the Ag(110) nano-clusters at the Ag(111)-monolayer
vacancy pits (on Ni(110)) or troughs (on Cu(110)). These (110) nanoclusters are likely
the first nucleation phase of the nanowires. Some of the nano-clusters will grow up to
form the faceted Ag(110) nanowires, given additional adatoms that promote a
lengthening, while some will disappear through the Ostwald ripening of other bigger
islands. Effectively, these clusters evaporate with their atoms joining the larger islands.
The additional Ag adatoms beyond 1.2 ML do not stay on top of the Ag(111) monolayer
to form Ag(111) islands, such as the unfaceted Ag/Cu(001) islands [19]. The Ag(111)
overlayer always keeps exactly one layer, coexisting with the other kinds of Ag structures,
that we have seen such as the Ag(110) nanowires (Fig.3.1 and Fig.3.6) or the Ag(110)
multilayer (Fig.3.18(b) and Fig.3.27(b)),. The STM images in Fig.3.32 show that the
nano-clusters nucleate preferentially at the edges of steps or Ag(111) domain boundaries,
as indicated by arrows. The Ag(110) nano-dots or nano-clusters are most probably not
very energetically stable because of their tiny volume, but they provide a kinetic path for
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(a)

20 Å

(b)

20 Å

Fig. 3.31. (a) Nucleation of small Ag(110) island close to the Ag(111) overlayer
domain boundary on Ni(110). (b) the same image of (a) treated by high-pass filter.
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200 Å

Fig. 3.32. STM image for Ag/Cu(110) deposited 3ML at 20ºC. The
STM was taken at sample temperature of -150ºC. The image shows
some small islands (marked by arrows) nucleates close to step edges and
Ag(111) domain boundaries.
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the Ag(110) growth. Even though the larger nanowires are energetically favored, they
must begin with a nucleation site, and we propose that this site is a Ag(110) nano-cluster.
The observation that they nucleate at step edges suggests that the nanowires that grow
from them should always be found with a step edge, and not solely on a flat terrace,
assuming that we do not reach temperatures that allow substrate step flow. This has been
the case in all of our observations.
As we will show in the next chapter, high coverage Ag films ( > 10 ML) deposited
at low temperature followed by annealing to 100 ºC ~ 200 ºC do not form the nanowires
as shown in Fig.3.18(d). Rather, they form two-dimensional atomically-flat multilayer
films. The main reason for this is that deposition of thick films at low temperature keeps
mobility low.

Although the Ag(110) nano-clusters may nucleate, they are quickly

covered by the thick film. Nanowires do not develop without the initial-stage
nanoclusters and the enhanced mobility at elevated temperatures.
Fig.3.33 shows some 3D islands transformed from the 2D Ag(110) multilayer. The
height of the 3D islands is in the range of 3 ~ 6 Å, about 2 ~ 4 monolayers. The islands
are believed to be an intermediate phase in the transition from the 2D multilayer to the
3D faceted nanowires.

3.3.4.2. Faceted island growth
Based on the STM and LEED studies of the multilayer Ag/Cu(110) and Ag/Ni(110)
films, it is certain that the Ag(110) nanowire is a thermodynamic equilibrium phase for
Ag atoms on Cu(110) and Ni(110). The nanowires act as a sink of Ag atoms when the
coverage exceeds 1.2 ML. In the general equilibrium theory for the layer-plus-island (or
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(a)

100 Å

(b)

Fig. 3.33. STM image and scan-line for Ag/Cu(110) deposited 4ML at -5ºC.
Some initial step nanowires were nucleated and grown from the Ag(110)
overlayer.
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Stranski-Krastanov) growth, a competition exists in the free energy of an epitaxial film
with that of coherently strained 3D islands. The strain energy in the film is exchanged at
a cost of increased surface energy in the islands [2, p356]. As the STM observation in
Fig.3.18 shows, the metastable 2D Ag(110) multilayer was transformed to a coexistence
of Ag(110) nanowires and the Ag(110) monolayer. The faceted side-faces of the
nanowires therefore must lower the nanowire free energy. It is reasonable for a nanowire
that the coherence-induced strain also plays a role in determining the facet face that forms.
The particular facet that results dictates the atomic straightness and uniform width of the
wires as well. As we discussed before, the side facet is constructed by combinations of
{111} and {110} planes. For example, in the similar case of Ge/Si(001) ([3], Mo, etc.),
lattice coherence resulted in well faceted "hut" clusters seen in atomically-resolved STM
images. The overall slope of the facet side is limited by the {111} face that has the largest
slope angle of 43º, as shown by Fig.3.12 and Table 3.1. The side facets of the nanowires
are usually uniform throughout the length of the nanowires. As an exception, the facet
layers of a Ag nanowire on Ni(110), as shown in Fig.3.34, is only partly complete, as if
the nanowire were cleaved along the end. The facet incompleteness gives us some sense
how the adatoms migrate to construct the nanowires one-by-one and layer-by-layer. .

3.3.4.3. Anisotropic growth
The STM images of the nanowires show that there is a large anisotropy in island
growth between the two perpendicular directions of [–110] and [001]. The main reason for
the anisotropy is the saturation of the nanowire width. We attribute the width saturation
to the interfacial lattice coherence and resulting strain field across the wires. Hence the
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100 Å

Fig. 3.34. STM of Ag/Ni(110) nanowires deposited 5ML at 85ºC. The STM was
taken at sample temperature of -40ºC. The picture shows the layer structure of the
nanowire side-face, which implies the nanowire grows wider and higher by
growing layer-by-layer on both sides of the wire. The tendency of layer-by-layer
growth of the side surface might be the main reason for the faceted side-faces and
uniform width of a well-grown nanowire.
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anisotropy of growth is dictated by the anisotropy of structure, i.e., coherent in the [001]
–
direction, but incommensurate with respect to the substrate, and incoherent in [110]
direction. Lattice coherence is proposed to be the source of the saturation in width as it
will build up strain energy along with the width, and this increased energy in turn will
result in binding sites that are energetically less favorable than those at the ends of the
wires.
This suggests a simplified model that helps us understand how the lattice coherence
acts to result in the width saturation. In this model, only the surface energy and the strain
energy are included. We can model the real nanowire strain field as shown by the
diagram in Fig.3.35(a). The area of the side surfaces is assumed to be free from any strain,
as the atoms are unrestricted in their motion perpendicular to the face and away from the
wire. The shaded triangular area inside the nanowire, bounded by the dashed lines in
Fig.3.35(a), is set to have the same strain; and the lattices across the dashed lines is
modeled to relax strain abruptly. As a reference energy, we consider a Ag film with the
same width and volume as the nanowire, but completely independent from the substrate,
as shown in Fig.3.35(b). Therefore the strain energy in the nanowire is
Estrain = λ·S = α (w - a)2

(3.1)

where λ is the strain energy coefficient, S is the strained area, and α =λ/4·tan(θ); the
surface energy of the nanowire is
Esurf-wire = σ1·L =σ1/cos(θ)·w

(3.2)

where σ1 is the surface energy coefficient, L is the side length; and the energy of the
reference Ag film, which has no strain energy, is
Esurf-ref = ( 2σ2 + σ3 )·w

(3.3)
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Fig. 3.35. (a) Schematic graph for a strained nanowire cross-section. (b)
Schematic graph for an imagined Ag(110) film and a Cu(110) substrate apart
from each other. (c) The energy vs. width curves of the nanowire in (a). There is
an energetic favorable nanowire width for the total energy derived from the
simplified energy analysis model.
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where σ2 is the surface energy coefficient of the Ag(110) surface, σ3 is the surface energy
coefficient of the Cu(110) or Ni(110) surface. The total surface energy of the nanowire
referring to the Ag film is
Esurface = Esurf-wire - Esurf-ref = - β·w

(3.4)

where β = 2σ2 + σ3 - σ1/cos(θ). Hence, the total energy of the nanowire is
Etotal = Estrain + Esurface = α (w - w0)2 + E0

(3.5)

where w0 = β/2α, E0 =β2/4α.
The functions of (3.1), (3.4) and (3.5) are plotted as the curves in Fig.3.35(c). The
total energy has a lowest energy at w0. If the width of the nanowire is smaller than the
equilibrium w0, it tends to grow wider; but if the width is bigger than w0, it tends to be
narrower.
This simplified model does not consider the contributions of the Ag(111)
monolayer to the nanowire free energy. However, the Ag(111) must take a important part
in the Ag adatom migration on the substrate surface. For a Ag adatom to migrate from a
place on top of the Ag(111) monolayer to the edge of a nanowire, it may either migrate
on top of the Ag(111) monolayer, or attach to the ledge of a nearby vacancy trough or pit
of the Ag(111) monolayer while an identical atom close to the edge of the nanowire hops
out of the Ag(111) monolayer. In the latter way, the Ag(111) monolayer acts as a surface
migration medium and may allow the Ag adatoms to migrate more quickly. The 7%
vacancies [12] and almost free floating of the Ag(111) monolayer on top of the substrate
will facilitate the medium migration. The self-assembly of the nanowire must require
significant free atomic migration for the adatoms to find the most energetically favored
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places. Having the Ag(111) film to act as a medium to enhance migration may help to
accelerate the self-assembly of the nanowires.

3.3.4.4. Self-organization
The lattice-coherence-induced strain fields in the nanowires and the substrate result
in both thermodynamically and kinetically-limited configurations in the island-plus-layer
system of Ag/Cu(110) or Ag/Cu(110). These limitations act jointly to result in selfassembly of the ordered individual nanowires and self-organization of the ordered
nanowire distributions on the surface.

(a) Saturation of the width
As discussed in the last subsection, the lattice coherence in the cross-wire direction
will result in an energetically favored width w0. Widths narrower than w0 will grow wider,
and widths wider than w0 will stop growing or grow narrower. Around the saturated
width w0, there will be a narrow width distribution. The lattice coherence also results in
the faceted side surfaces of the nanowires, and hence the straightness and uniform width
of the nanowire morphology. The coherence-induced strain inside the nanowires
produces the ordered morphology of the nanowires. Once a nanowire saturates in width,
an adatom will prefer to bind at the ends of the nanowire as one can see by comparing the
energy between the side and end surfaces, indicated by "A" and "B" respectively in
Fig.3.29(a).
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(b) Limits on the inter-wire spacing
As shown by the STM images in Fig.3.19(b)-(d) of thick coverages (10 ~20 ML),
the nanowires resist merging with each other as if there were a "repulsion" between two
close nanowires. This will originate from the compressive lattice or strain inside the
substrate at the area between two nearby nanowires, as indicated by "C" in Fig.3.29(a). If
two nanowires are close enough side-to-side, the compression is so strong that Ag
adatoms will not find favorable binding sites on the side labeled "C" On the other side of
the nanowire labeled "D" (Fig.3.29(a)), the strain field is not nearly as large and the width
can grow on that side. This effect keeps the nanowires from merging.

(c) Limits on the nucleation of new wires
If the spacing of two nanowires is small enough, the lattices of the substrate
between the two nanowires, as indicated by "C" in Fig.3.29(a), will be compressed to a
scale that the Ag adatoms cannot find favorable binding sites between the nanowires.
Therefore, the locations for acceptable nucleation are decided by two main conditions:
first, available steps or Ag(111) domain-boundary vacancies, second, enough distance
from the nanowires in the [001] direction. If no such proper places for nucleation are
available on the whole substrate surface, the surface is saturated and no new nanowires
will appear. Instead we will find a widening and lengthening of the existing nanowires.

(d) Saturation of the coverage
If the three kinds of saturation discussed above have occurred for every nanowire
and location in a Cu(110) or Ni(110) surface and there is no room for additional
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nanowire elongation, the surface is saturated for nanowire growth. At very high coverage
with thorough annealing, it is quite probable that these limits, together, will lead to a
correlated nanowire array with regular (or narrow distribution of) width and interval.

3.4. Summary
In this chapter, studies of multilayer Ag films on Cu(110) and Ni(110), leading to
nanowires, were presented. The major experimental methods were low-temperature
(liquid nitrogen) STM and LEED. The nanowire atomic structure and growth
mechanisms were analyzed and discussed.
From the STM data, we found that there are five condensed states of multilayer Ag
on Cu(110) and Ni(110), 1) the unstable partially crystallized Ag(110) nano-clusters
grown at low temperature (<60ºC), 2) the metastable Ag(110) multilayer, 3) the
pseudohexagonal Ag(111) monolayer, 4) the Ag(110) nanowires and 5) Ag(110)
atomically flat multilayer films (the last one will be discussed in detail in the next
chapter). The nanowires have a straight long axis along the [–110] direction and uniform
width throughout the individual wires. The side surfaces of the nanowires are faceted and
the cross-sections of the wires are isosceles triangular or trapezoidal. As deposited films
are annealed, the widths saturate at about 100Å and the side slopes are rather uniform at
~25°. There are two processes to grow the nanowires when coverage is lower than 10 ML.
One is annealing the Ag(110) nano-clusters or the Ag(110) multilayer which has been
deposited at low temperature (<-5ºC); another is depositing at elevated temperature (25
~200 ºC) which can be followed by annealing (< 200 ºC). The latter method is also used
to obtain nanowires with Ag coverage higher than 10 ML. In general, nanowires grown at
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an elevated temperature have larger aspect ratios than nanowires grown by depositing at
lower temperature followed by annealing. The LEED patterns indicate the along-wire
lattice constant of the nanowire is the bulk Ag(110) constant, but the LEED can not
provide the cross-wire lattice constant information. The streak LEED photos, obtained by
varying the electron energy during taking photos, show there are three convergence
points, one in the center is corresponding to the Ag(111) monolayer, and other two are
corresponding to the two 25° side facets of the nanowires.
An atomic structure model of the nanowires has been proposed suggesting that the
interfacial lattices are incoherent in the [–110] direction and coherent in the [001] direction.
The cross-wire coherence may include some dislocations or may not. The cross-wire
coherence induces strain fields in the nanowires and the substrate. These strain fields
produce a saturation in wire width which determines the faceted side faces, and the strain
fields in the substrate keep nearby nanowires from merging. The nanowires grow from
Ag(110) nanoclusters that nucleate at the edges of steps or domain boundary vacancies
within the Ag(111) monolayer. In addition, they can grow from the metastable Ag(110)
multilayer through a 2D to 3D transition. When the coverage is nearly saturated for the
nanowire growth, a nanowire array with regular intervals along the [001] direction is
predicted to form driven by the strain-based wire-to-wire repulsion. The sub-peaks in the
nanowire width distributions, which are spaced by 4 or 8 lattices, hint of the possible
existence of "magic" quantum widths due to quantum size effects of the free electron
confined in the cross-wire direction or strain relieving dislocations appeared periodically
along the strained cross-wire direction.
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CHAPTER 4. ATOMICALLY-FLAT AG FILMS ON CU(110) AND NI(110)
4.1. Introduction
To obtain well-ordered nanostructures on crystal surfaces, people typically have
concentrated on growth of two opposing configurations: two-dimensional (2D) flat films
and three-dimensional (3D) islands such as nanowires or nanodots. If the dimension of a
nanostructure is comparable to the wave-length of electrons (~Fermi wavelength) in the
nanostructure, the spatial confinement of the electrons usually has strong quantum size
effects (QSE's) on properties of the nanostructure [1-4]. In metallic 2D films, onedimensional confinement of electrons normal to the surface results in discrete quantumwell states (QWS's), which have been intensively studied by techniques such as angleresolved photoemission spectroscopy (ARPES) [5-19] and scanning tunneling
spectroscopy (STS) [21]. The quantum well arises from the potential of the vacuum and
substrate bulk band gap of the surface and interface, respectively. As follows from
elementary quantum mechanics, the width of the well dictates the QWS. By direct
analogy, here the QWS's depend strongly on the 2D film thickness. Varied thickness of a
2D film may change the QWS's closer to or farther from the Fermi level, and thus
modulate the Fermi electron distribution. This in turn can radically change the physical
properties of the film, for example, the properties of magnetic interlayer coupling [10, 22]
and superconductivity [23]. Therefore studies of the growth and resultant properties of
ultra-thin flat film growth are of basic importance to research and subsequent application
development in fields such as quantum devices.
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Traditional theoretical approaches, based mainly on elastic strain and surface
tension, predict that a lattice mismatched, heteroepitaxial (A on B) 2D film growth is
stable only below a critical thickness, above which thickness 2D film will transform to
3D islands [24].

Most of the time, observations of heteroepitaxial films are consistent

with the upper theory. This is primarily due to a balance between the interfacial energy
(A/B energy) and the ensuing strain (compressive or tensile) energy of the ensuing A
overlayers, better know as Young’s equation. This “atomistic growth” model has been
very successful in describing and even predicting the resulting morphology, as a function
of coverage, of a large number of heteroepitaxial systems. However it has also been
shown to fail in some cases. A glaring example of this breakdown is found in the system
of Ag/ GaAs(110) [25-30]. In this specific system, atomically flat films, or true 2D
growth, develop only upon reaching a full-wetting thickness of more than 6 monolayer
(ML) or 15 Å. This is achieved by depositing Ag at low temperature (-140 ºC) followed
by annealing at room temperature [25, 28]. Motivated by this experimental finding of the
unique Ag/ GaAs(110) 2D film growth, a generalized theory, called "electronic growth",
has been developed to explain this behavior [31,32], which seemingly opposes the
conventional “atomistic growth” model. The premise of this new theoretical model
underscores the importance that, in some heteroepitaxial systems, the energetics due to
“electronic effects” dictate the ensuing morphological structure of the overlayer(s).
These effects include forces originating from quantum confinement, charge spilling at the
interface and interface-induced Friedel oscillations of electron density. The electron
confinement within the metal overlayer can mediate an effective repulsive force between
the interface and the metal surface, which in turn stabilizes the film against strain. In
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addition, the Friedel oscillations of the electron density modulate all other interactions to
lead to "magic" or preferred thicknesses. The electronic growth model predicts the
existence of a thickness window wherein smooth, flat films can be found, the existence of
magic thicknesses, and, most importantly, correlation of the existence and properties of
QWS’s of the confined electrons with the magic thicknesses.
In addition to the 2D Ag film on GaAs(110), other systems exhibiting metallic flat
films, or flat-top islands with QWS's, or magic thicknesses have also been observed. For
example, Ag and Pb thin films on semiconductor substrate Si(111) 7×7 have been
studied intensively by STM [19, 21, 23, 33-40], STS [21], ARPES [17-19, 23], and
surface x-ray diffraction (XRD) [20]. Moreover, atomically flat Pb films on Si(111) over
a wide thickness range of 10 ML to 32 ML were prepared by Zhang et al. [19]. They
observed a fundamental 2 ML periodic film stability as well as an even-odd stability
switching at every 9 ML increment. In addition to metal-on-semiconductor systems,
metal-on-metal systems have also been found to have phenomena of QWS's or magic
heights [5-10, 22, 41-44]. In this case, instead of a true band gap, a metal-on-metal
interface with a band-structure symmetry mismatch, which provides an effective bandgap between two metals, may reflect electrons. Thus, together with the vacuum side of
the metal overlayer, the effective band-gap interface provides the requisite architectural
atomic/electronic structure for development of the quantum well structure and properties.
The first purely metallic system with QWS's was observed with ARPES for Ag/Au(111)
[5]. STM observation of Pb/Cu(111) flat-top islands indicates the existence of magic
heights, corresponding to islands having a QWS far from the Fermi energy [43]. The
photoemission results of Ag/Fe(001) show that films with thicknesses of 1, 2, and 5 ML
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are unusually stable, and remain intact to temperatures above 527 ºC [8].
In directly analogy with these prior studies, our STM studies have shown Ag atoms
form atomically flat films on both Cu(110) and Ni(110).

However, this unique

morphological/electronic structure is achieved by a detailed two-step growth process:
depositing Ag more than nominal 10 ML at low temperature of less than -5 ºC and
annealing at elevated temperature of 100 ~ 200 ºC. Moreover, Ag/Cu(110) and
Ag/Ni(110) flat films are metastable and their resulting morphologies depend on the
proper treatment process. We have grown and observed Ag/Cu(110) multilayered films in
the same nominal coverage of 24 ML but with different morphologies: 3D nanowires and
2D atomically flat film. Morphologies of the Ag/Cu(110) and Ag/Ni(110) 2D films are
analogous to morphology of the Ag film on GaAs(110) [25-30]. The similarities between
our studied systems and the well-studied Ag/GaAs system are listed as follows:
1) The final film morphology after annealing is atomically flat over thousands of
angstroms (>7000 Å).
2) The Ag/Cu(110) and Ag/Ni(110) atomically flat films form only at coverage
more than about 10 ML by depositing Ag at low temperature (<-5 ºC ) followed by
annealing at elevated temperature (100 ~ 200 ºC) for several minutes. A thinner Ag film
(<10 ML) deposited at low temperature followed by annealing results in 3D nanowires.
The growth behavior indicates the existence of critical thickness similar to that of
Ag/GaAs(110) flat film (~ 6ML).
3) The Ag/Cu(110) and Ag/Ni(110) flat films also have a variety of deep structural
pits which extend down to the substrate, which implies the existence of magic thicknesses.
The size and spacial density of these pits depends on the specifics of the film growth,
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such as coverage, temperature and time.
4) The Ag/Cu(110) and Ag/Ni(110) flat films have a one-dimensional quasiperiodic
superstructure with basic wide and narrow separations of three and two lattices
respectively along the [001] direction. The similar quasiperiodic superstructure with long
and short separations of ~ 17 Å and ~ 12 Å along the [001] direction also have appeared
in the Ag/GaAs(110) flat film [25, 26].
Although strikingly similar, the major differences between the Ag/Cu(110) and
Ag/Ni(110) flat film systems and those of the Ag/GaAs(110) is the nature of the substrate
(metal/semiconductor) and consequent overlayer film structures ((110)/(111)). It is
believed, and will be argued, that the QWS's must play an important role in stabilizing
and flattening of the Ag/Cu(110) and Ag/Ni(110) atomically flat films in direct analogy
with this the Ag/GaAs(110) and other systems highlighted above.

4.2. Experiment
The epitaxial growth and characterization of Ag films on Cu(110) and Ni(110) were
performed in a UHV chamber with base pressure lower than 1 × 10–10 Torr. The chamber
was equipped with a variable-temperature (-150 ºC~ 120 ºC) STM of the Aarhus design
[45], a prototype of the Rasterscope 3000 from DME A/S, Denmark. The chamber was
also equipped with other standard surface cleaning and characterization facilities, such as
an ion sputter gun, low energy electron diffraction (LEED), and a cylindrical-mirror
analyzer (CMA) for Auger electron spectroscopy (AES).
The Cu(110) and Ni(110) substrates were cleaned in UHV by repeated cycles of ion
sputtering (Ne+, 5 × 10–5 Torr, 1 keV, 15 μA, at RT for Cu and 200 ºC for Ni) followed
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by annealing (550 ºC for Cu and 650 ºC for Ni). Sample cleanliness was checked by
AES and STM. Silver was evaporated from a tungsten filament onto the Cu(110) and
Ni(110) substrates. The Ag deposition rate was controlled between 0.2 to 2 ML/min by
adjusting the electrical current going through the filament. Throughout this chapter, the
Ag coverage will be expressed in the substrate monolayer units (ML). Surface density of
Cu(110) and Ni(110) are 1.09×1015 atoms/cm2 and 1.15×1015 atoms/cm2 respectively.
The deposition rate was calibrated by comparing STM images and LEED patterns of
films deposited with varied evaporation durations to those of a complete Ag(111)
overlayer. The pseudohexagonal Ag(111) overlayer observed in both STM images and
LEED patterns has been described previously (ref. chapter 3, section 3.3.1.1), wherein its
coverage was determined by high-resolution medium energy ion scattering (MEIS) to be
1.2 ML (1.30±0.10×1015 atoms/cm2 ) [46]. We obtained the atomically flat Ag film on
Cu(110) and on Ni(110) by depositing Ag at low substrate temperature (< -5 ºC) followed
by annealing up to 100 ~ 200 ºC for several minutes. The observations of some Ag
nanowires appear in this chapter for the purpose of comparison. Their growth processes
and properties have been presented in chapter 3.
The STM data were recorded in the constant-current mode with tunneling currents
and voltages in the range of ±(0.2-1.6) nA and ±(5-900) mV respectively. STM data was
acquired at both room and low temperatures (-170 ºC), in order to reduce adatom
diffusion or to study films deposited at low substrate temperatures. The sample on the
STM was cooled by liquid nitrogen through an Al sample-holder block while the
thermally isolated STM head was kept at room temperature (RT) by heating from a 75Volt Zener diode.
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4.3. Results and Discussion
4.3.1. Morphology
The STM image (5000 Å × 5000 Å) in Fig.4.1 displays an example of this type of
atomically flat-film of Ag on Ni(110). The film was grown by depositing 13 ML Ag at
substrate temperature of -120 ºC followed by annealing at 200 ºC for 5 min. The film
deposited at low temperature (<-60ºC) before annealing is an overlayer composed of
nanoclusters with nearly (110) structure, which nanoclusters have been shown and
discussed in chapter 3 (ref. Fig.3.18(a) and Fig.3.26). As seen from Fig.4.1, there are
radical differences between this “flat film” and the previously reported nanoclusters
morphology, in spite of nearly equivalent coverages of Ag.

The formation of the

nanocluster overlayer is result of insufficient mobility of the Ag atoms at low temperature.
After annealing at elevated temperature, such as 100 ~ 200 ºC, the nanocluster overlayer
transforms to the atomically flat film with some pits scattered all over the surface.
However, the clusters-to-film transition happens only when the nominal coverage is
higher than a critical thickness, around 10 ML for the Ag/Cu(110) and Ag/Ni(110)
systems. The nanocluster overlayer with coverage less than 10 ML will transform to
Ag(110) multilayer and then to Ag(110) nanowires after annealing at temperature of 100
~ 200 ºC, as shown in chapter 3 (Fig.3.18).
As shown by the scan-line in Fig.4.1, the surface of the Ag film is nearly atomically
flat in region of at least submicrometers (5000×5000 Å). By checking the vertical
dimension of the film, we have found that only some locations have one or two
monolayers higher than the surface level, but, as seen in the STM image, some deep pits
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(a)

_
(110)

(001)

1000 Å

(b)

Fig.4.1. (a) STM images of Ag film on Ni(110), by depositing 13ML at -120 ºC
followed by annealing at 200 ºC for 5 min; (b) scan-line along the white arrow
line in (a).
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scattered across the film are easily recognizable. As described in detail below, for the
large pits, wherein “true depth” is measurable with STM, the depth extends nearly to the
substrate. Besides the pits, most of the surface area is atomically flat. Notice the substrate
usually has step edges roughly along the [001] direction with separation of several
hundred angstroms, as shown by the clean Ni(110) image in Fig.4.2. However, unlike the
substrate, the Ag film keeps the same vertical level in large area (~ 5000 Å × 5000 Å)
and does not shows any steps copying the Ni(110) substrate profile. The existence of the
scattered pits in the Ag/Ni(110) film results in an obvious anisotropic thickness
distribution between both sides of the surface level, as shown clearly by the scan-line in
Fig.4.1. The anisotropy of the film thickness profile implies the Ag atoms have at least
two preferential growth thicknesses: either the 2D flat surface level or the substrate level
thickness. Therefore the existence of the pits imply the existence of favored or magic
thickness of the Ag flat film on Ni(110) and on Cu(110).
The STM images in Fig.4.3 and Fig.4.4 show the Ag/Cu(110) and Ag/Ni(110) flat
films and their pits respectively. The Ag/Cu(110) film shown in Fig.4.3 was formed upon
deposition of 24 ML of Ag at -5 ºC followed by annealing at 150 ºC for 10 min. The
Ag/Ni(110) film in Fig.4.4 is the same film as that in Fig.4.1, only looking at different
surface location. The STM images in Fig.4.1, 4.3 and 4.4 show the pit long axis is nearly
parallel to the [1̄10] direction, and most of the pits are not as deep as down to the
substrate. However, as stated above, because of the small width of most of the pits, STM
cannot correctly determine the “true depth” due to the finite size of the STM tip.
However, for larger size pits, this becomes possible. For example, in the large pit shown
in Fig.4.5, the “bottom” is observed to extend nearly down to the underlying substrate. In
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200 Å

Fig.4.2. STM images of clean Ni(110) surface (1000 Å × 1000 Å).
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(a)

(110)

(001)

400 Å

(b)

Fig.4.3. (a) STM images of Ag film on Cu(110), by depositing 24ML at -5 ºC
followed by annealing at 150 ºC for 10 min; (b) scan-line along the white arrow
line in (a).
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(a)

400 Å

(b)

Fig.4.4. (a) STM images of Ag film on Ni(110), by depositing 13ML at -120 ºC
followed by annealing at 200 ºC for 5 min; (b) scan-line along the white arrow
line in (a).
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30 Å

Fig.4.5. STM images of a pit bottom of Ag/Cu(110) film, by depositing
12ML at -160 ºC followed by annealing at 150 ºC for 10 min.
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this case, the image shown in Fig.4.5 is from another Ag/Cu(110) film grown by
depositing 12 ML at -160 ºC followed by annealing at 150 ºC for 10 min. STM reveals
that at the bottom of the pit is the typical Ag(111) monolayer on the Cu(110) substrate.
The Ag(111) monolayer structure has been discussed in chapter 3 (Fig.3.1). The depth of
the pit extending down to the substrate shown by the scan-line in Fig.4.3 reveals the
surface level thickness (or a magic thickness) of the Ag/Cu(110) flat film is about 42 Å,
in which thickness the thickness of the Ag(111) monolayer is included. Similarly the
surface level thickness, or a magic thickness of the Ag/Ni(110) flat film in Fig.4.4 is
about 22.5 Å.

4.3.2. Atomic Structure
As shown in the previous section, large scale STM images reveal that the overall
morphology structure of both the Ag/Cu(110) and Ag/Ni(110) films are nearly identical
and can be characterized as atomically flat. Moreover, atomically resolved STM images
reveal that both of the Ag films also have nearly equivalent atomic structure. The STM
images shown in Fig.4.6 and Fig.4.7 reveal the Ag/Cu(110) and Ag/Ni(110) surfaces
with atomic resolution respectively. The Ag/Cu(110) film was grown by depositing 12
ML Ag at -160 ºC followed by annealing at 150 ºC for 10 min; and the Ag/Ni(110) film
was grown by depositing 20ML at -170 ºC followed by annealing at 200 ºC for 2 min.
Based on the STM observations of the Ag/Cu(110) and Ag/Ni(110) flat films, we
conclude the atomic structures of both the films are basically Ag fcc(110) structures. The
walls at both sides of the pit in Fig.4.5 show a two-fold symmetry which also supports the
idea that the Ag/Cu(110) film is in a (110) structure, as opposed to the hexagonal (111)
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(a)

20 Å

(b)

Fig.4.6. (a) STM images of Ag(110) film on Cu(110), by depositing 12ML at 160 ºC followed by annealing at 150 ºC for 10 min; (b) scan-line along the white
arrow line in (a).
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(a)

20 Å

(b)

Fig.4.7. (a) STM images of Ag(110) film on Ni(110), by depositing 20ML at -170
ºC followed by annealing at 200 ºC for 2 min; (b) scan-line along the white arrow
line in (a).
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structure observed in the Ag/GaAs(110) flat film [25]. The small distortion from the
anticipation of a (110) rectangular lattice observed in the STM image in Fig.4.6 is due to
a small thermal drift. However, by comparing the clean Cu(110) and the Ag/Cu(110)
film images measured within a day of each other, we are confident that the measured
structure of the Ag/Cu(110) film in Fig.4.6 is (110). The Ag(110) film has an average
lattice constant along the [001] direction equal to the substrate (Cu(110)) lattice constant
of 3.62 Å, but a lattice constant along the [–110] direction equal to the bulk Ag(110)
constant of 2.89 Å.
Because the Ag/Cu(110) film is epitaxially aligned the substrate lattice along the
[001] direction, the film is compressed and strained parallel to the same direction. The
film relaxes its strains by modulating the vertical lattices through a one-dimensional
quasiperiodic superstructure along the [001] direction, as shown by the images in Fig.4.6
and Fig.4.7. Stripes are formed because some atomic rows along the [1̄10] direction are
higher than the other rows. The scan-lines indicate the height difference between the
higher and lower rows is ~0.5 Å, or about one-third of the vertical lattice constant. There
are two basic separations of the stripes. One is three lattices wide (~11 Å) and the other is
two lattices wide (~7 Å). As mentioned before, the STM images of the Ag/GaAs(110)
atomically flat film also reveals two basic stripe separations of three and two substrate
lattices wide (12 and 17 respectively), which are approximately two times wider than the
separations observed here for the of Ag/Cu(110) or Ag/Ni(110) systems [25, 26]. The
authors in Ref. [26] demonstrated their observed quasicrystals can be described best with
a gold-mean Fibonacci sequence and some deviations are results of structural defects. In
accordance with the convention in ref. [25] and [26], we also call the two separations or
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segments of the Ag/Cu(110) or Ag/Ni(110) flat film as "long" (L) and "short" (S)
segments in the following discussion. The segment sequence of the Ag/GaAs(110) film
appears like the gold mean sequence as LSLLSLSLLSLLS..... But the Ag/Cu(110) and
Ag/Ni(110) films seem to have different sequence, because ..LLL... (Fig.4.6 and 4.8)
and ...SSS... (Fig.4.7) sequences frequently appear in the STM pictures. At present, we do
not have the needed sample set of images to determine statistically which structural
model agrees best with our observations.
As indicated by the arrows in Fig.4.8, steps of the Ag/Cu(110) film reveal the stripe
relationship between two interfaced monolayers. The film is the same as that shown in
Fig.4.6. Based on the STM data as shown in Fig.4.6-4.8, we suggest an atomic
arrangement of a similar quasiperiodic superstructure, as shown by the schematic sideview in Fig.4.9(a). The thick dashed line is added to help to eye-guide, or represent, the
observed corrugated surface. The film has dislocation faces every two or three lattices as
shown by the thin dashed lines in Fig.4.9(a). Comparing the ideal bulk (110) side-view
model in Fig.4.9(b) with the quasicrystal model in Fig.4.9(a), the quasicrystal seems as if
were formed by rotating each of the long or short segments clockwise for several degrees,
as shown by the dashed lines and corresponding arrows in Fig.4.9(b).
The quasiperiodic superstructure is a secondary order crystal structure compared to the
basic (110) structure. The superstructure helps to relieve the lateral strain energy due to
the epitaxial growth at a cost of the energy of dislocations and expansion of vertical
lattices. Considering the expansion of the vertical lattices, the magic thickness in
monolayer unit of the Ag/Cu(110) film in Fig.4.3 is estimated to be 28 ML. Required by
mass conservation, the formation of those pits in the Ag/Cu(110) film balances the
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HL H L L H L L H

20 Å
HL H L L H L L H

Fig.4.8. STM images of Ag(110) film on Cu(110), by depositing
12ML at -160 ºC followed by annealing at 150 ºC for 10 min. Note:
“H”, higher row; “L”, lower row.
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(a)

[110]
[001]

(b)
(c)

Fig.4.9. (a) Schematic illustration of the side view of the Ag flat film
structure. The thick dashed lines indicate the corrugate feature of the
surface, and the thin dashed lines indicate the dislocation face. (b)
Schematic illustration of the side view of ideal bulk Ag(110), for
comparison with the quasiperiodic superstructure in (a). (c) Scanline for
convenience of comparing with the model in (a), which scanline appears in
Fig.4.6 from the Ag/Cu(110) flat film.
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formation of the magic thickness to keep the film in nominal coverage of 24 ML. In the
same way, the magic thickness of the Ag/Ni(110) film in Fig.4.4 is estimated to be 15
ML, corresponding to a film with nominal coverage of 13 ML.
The STM image of Ag/Cu(110) in Fig.4.10 exhibits a one-dimensional
quasiperiodic superstructure which has many defects. The film was grown by depositing
24ML Ag at -5 ºC followed by annealing at 200 ºC for 10 min. As marked by the arrow,
the defect transforms a long segment to a short segment. The defects act to change the
segment sequence or phase of the one-dimensional superstructure.

4.3.3. Growth and Growth Mechanism
The growth and resultant morphology of the Ag is strongly dependent on a balance
between energetics and kinetics. For example, with STM, we can “follow” the change in
the morphological details as a function of temperature and coverage to extract, if only
indirectly, details of the growth mechanism of the 2D films.
The STM images shown in Fig.4.11 demonstrate the effects of temperature on the
flattening of the Ag/Cu(110) surface. The film was originally grown by depositing 36
ML Ag at -5 ºC, then was cooled to -90 ºC wherein STM images were acquired (see
Fig.4.11(a)). After allowing the film to equilibrate to room temperature (~ 20 hours), The
STM image shown in Fig.4.11(b) reveals the resulting morphology.

Thereafter, the

same film was annealed to 100 ºC for 10 minutes, re-cooled and then scanned with STM
( Fig.4.11(c)). Finally, the same film was annealed up to 200 ºC for 10 minutes and the
resulting surface morphology is seen in Fig.4.11(d). Because the substrate temperature
was not very low (-5 ºC) when originally depositing Ag, the morphology of the image in
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40 Å

Fig.4.10. (a) STM images of Ag(110) film on Cu(110), by depositing 24ML at -5
ºC followed by annealing at 200 ºC for 10 min.
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(b)

(a)

200 Å

200 Å

(c)

(d)

200 Å

200 Å

Fig.4.11. Successive STM images of Ag/Cu(110) film by depositing
36 ML at -5 ºC: (a) right after the deposition, (b) annealing the film in
(a) at 25 ºC for 20 hours, (c) annealing the film in (b) at 100 ºC for 10
minutes, and (d) annealing the film in (c) at 200 ºC for 10 minutes,
showing the surface was flattening under annealing at varied
temperature.
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Fig.4.11(a) is not truly a nanocluster overlayer as that grown at temperature lower than 60 ºC (Fig.3.18(a) and Fig.3.26). The Ag/Cu(110) morphology is composed of 3D wirelike islands. Although the morphology appears at the first look like the nanowires we
have discussed in chapter 3, by careful checking, we find that the wire-like islands had
flatter tops and connected side by side to each other, and that the substrate surface is
almost covered by the 3D wire-like islands. Under annealing, the 3D morphology tends
to flatten and transform to a 2D film as shown in the sequence of images in Fig.4.11.
In addition to variation in annealing temperature, differences in the resulting
morphologies are also dictated by the initial Ag coverages. For example, the STM
images in Fig.4.12 reveal two different final morphologies due to different nominal
coverages. The Ag/Cu(110) film in Fig.4.12(a) was grown by depositing 4 ML Ag at
substrate temperature of -5 ºC, then subsequently scanned with STM at room temperature.
The film in Fig.4.12(a) is composed of a 2D Ag(110) multilayer and some initial-stage
clusters which develop into the 3D nanowires, as discussed in chapter 3 (Fig.3.18(b) and
Fig.3.27). After annealing the 2D multilayer at 150 ºC for 10 minutes, the 2D film in
Fig.4.12(a) transforms to the 3D nanowires as shown by Fig.4.12(b). The film in
Fig.4.12(c) was grown by depositing 24 ML at -5 º and then subsequently scanned with
STM while the sample was at room temperature. Then, the film in Fig.4.12(c) was
annealed to 200 ºC for 10 minutes. The final morphology is 2D atomically flat film
shown in Fig.4.12(d). The images in Fig.4.12 reveal the existence of the critical thickness
for the 2D flat Ag film on Cu(110). The comparison of STM images in Fig.4.12
demonstrates the existence of the critical thickness only above which the formation of
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(a)

(b)

100 Å

400 Å

(c)

(d)

100 Å

400 Å

Fig.4.12. STM images of Ag/Cu(110): (a) by depositing 4 ML at -5 ºC
followed by annealing and taking STM at room temperature; (b)
annealing the film in (a) at 150 ºC for 10 minutes; (c) by depositing 24
ML at -5 ºC followed by annealing and taking STM at room
temperature; (d) annealing the film in (c) at 200 ºC for 10 minutes.
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atomically flat Ag films form on Cu(110). From this data, we suggest the critical
thickness for the Ag/Cu(110) and Ag/Ni(110) flat film is about 10ML.
The STM images in Fig.4.13 reveal that the formation of the nanowire morphology
or the flat film morphology is strongly dependent on kinetic processes. The nanowire
array morphology shown in Fig.4.13(a) was grown by depositing 24 ML Ag on Cu(110)
at substrate temperature of 60 ºC, whereas the flat film in shown in Fig.4.13(b) was
grown by depositing 24 ML Ag on Cu(110) at -5 ºC followed by annealing at 200 ºC for
10 minutes.

From these examples, one can clearly see that kinetic effects affect the

growth processes of the Ag and the consequent morphology.
From our STM results, it appears that the thermodynamically stable morphology of
Ag on Cu and Ni(110) is that of the atomically flat film phase. With the knowledge of
many systems which are known to exhibit “electronic growth” mechanisms and the
corresponding similarities to this system, we strongly suggest that the same driving force
is dictating the resulting morphology in these systems. This is based on a number of facts
and observations. It is well known that Ag atoms are immiscible with Cu and Ni atoms
in bulk crystals and that phase separation takes place in lieu of alloy formation. Thus the
Ag/Cu(110) and Ag/Ni(110) flat films must have distinct and smooth interfaces even
after annealing at the elevated temperature of 100 ºC~ 200 ºC. Considering the constant
film thickness of the Ag/Cu(110) or Ag/Ni(110) film and the band mismatch (or no
conservation in both energy and crystal-momentum between both sides of the
Ag(110)/Cu(110) or Ag(110)/Ni(110) interface), the film quite probably exhibits, or
sustains, a quantum well for free electrons in the direction normal to the surface. The
existence of the critical thickness (Fig.4.12) and the atomically flat surface with pits
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(a)

1000 Å

(b)

400 Å

Fig.4.13. STM images of Ag/Cu(110) nano-films obtained through
different treating processes: (a) deposited 24 ML Ag at substrate
temperature of 60 ºC, (b) deposited 24 ML Ag at -5 ºC, then followed
by annealing at 200 ºC for 10 minutes, showing that different kinetic
processes result in quite different morphologies.
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extending down to the substrate (Fig.4.1, 4.3, and 4.5) lead us to believe the Ag/Cu(110)
and Ag/Ni(110) flat films have quantum size effects and the films are stabilized by
interactions of both the elastic force and the electronic force, the so called "electronic
growth" force originated from the quantum well confinement of the free electrons in the
metallic films [ 31, 32]. Upon adding the requisite thermal energy through annealing, the
electronic growth thermodynamic force drives the nucleation and growth, through
adequate diffusion, of the quantum stabilized flat films. Although tentative, this process
is schematically illustrated in the differing schemes of Fig.4.14. For example, upon
annealing, Ag atoms in the nanocluster overlayer grown by depositing at low temperature
reorganize from a corrugated surface to an atomically flat surface with the magic
thickness (Fig.4.14 (b)). Therefore the rough surface of a Ag film thicker than 10 ML on
Cu(110) or on Ni(110) gradually flattens and terminates as an atomically flat film of a
magic thickness with some deep pits, which conserve the mass of the film because the
critical thickness is thicker than the nominal coverage. As shown in the figure, differing
initial growth conditions (coverage and temperature) affect which resultant growth
mechanism evolves in the growth processes of Ag/Cu(110) or Ag/Ni(110) multilayered
films.

4.4. Summary
In our studies of multilayered growth of Ag on Cu(110) and Ni(110), we found
atomically flat Ag film can be grown by a two-step process. First, the Ag atoms are
deposited more than 10 ML at low substrate temperature (< -5 ºC), then the film is
annealed at elevated temperature (100 ~ 200 ºC) for several minutes. The film is
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(a)

~20 ML> θ > 1.2ML
Ag

Cu(110) or Ni(110)

T1=50~200 ºC

(b)

t

T2=50~200 ºC

θ > ~10ML

T1= -5 ºC

(c)

T2=100~200 ºC

t

θ > ~10ML

T1< -60 ºC

T2=100~200 ºC

t

Fig.4.14. Schematic illustration of Ag/Cu(110) or Ag/Ni(110)
multilayer growth under different treatment processes. (a) Facetted
nanowires forming by depositing at elevated temperature; (b)
atomically flat film grown by two-step process: first depositing at
medium low temperature forming connected 3-D wire-like islands,
then annealing at elevated temperature; (c) atomically flat film grown
by depositing Ag at low temperature to form nanocluster overlayer
followed by annealing at elevated temperature.
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atomically flat with only one to two monolayer corrugations over nearly micrometer
dimension. There are some pits scattered in the film that extend nearly down to the
substrate. There exists a critical thickness (~ 10 ML) below which no flat film can be
grown. The 2D film is believed to be stabilized by electronic growth forces originated
from the quantum well confinement of the free electrons in the metallic film. Therefore
the ARPES of the metal-on-metal film may exhibit quantum well state features. The flat
film thickness may be one of the magic thicknesses resulting from the quantum
confinement of electrons. The Ag/Cu(110) and Ag/Ni(110) flat films are one of the
metastable morphologies. Besides the flat film, different kinetic process may result in
different morphology, such as the nanowires.
The Ag flat film is crystallized in a basic fcc(110) structure with height modulation
of one-dimensional quasiperiodic superstructure along the [001] substrate direction.
There are stripes along the [1̄10] direction with two basic separations of two and three
lattices. The Ag film copies the substrate lattice constant in the lateral direction of [001],
and hence the lattices of the Ag film are compressed and strained along the direction.
Although the underlying substrate is distinctly different in electronic and atomic
structures, the Ag/Cu(110) and Ag/Ni(110)) flat films are quite similar to the
Ag/GaAs(110) flat film in both morphology and the one-dimensional quasiperiodic
superstructure. For further understanding of the flat films and related phenomena, more
studies are needed, such as explorations of the electron structures and new system with
different metal film or substrate, deep studies of the growth and its mechanism, and the
agreement between the quasiperiodic superstructures and the theoretical models.
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CHAPTER 5. ANGLE-RESOLVED PHOTOELECTRON SPECTROSCOPY
STUDIES OF AG(110) NANOWIRES ON CU(110)
5.1. Introduction
Self-assembled nanomaterials with reduced dimensionality, or at least one
dimension that is on the nanoscale, such as zero-dimensional nanodots, one-dimensional
nanowires and two-dimensional thin film, have been studied intensively in recent years.
The nanostructured materials are promising building blocks for manufacturing devices of
nanoelectronics and photonics from a bottom-up approach [1-5].

Many types of

nanowires have been synthesized and studied, such as catalyst-assisted chemical
synthesized semiconductor nanowires [6-11], multiwalled carbon nanotubes [12], organic
polymer nanowires [13], electrochemical deposited metal nanowires [14], and epitaxial
grown nanowires of rare-earth [15-20], germanium [21-23], metal [24], and oxide [25],
etc. Comparing with the diverse nanowire syntheses, studies of the correlation between
the reduced size across the nanowires and corresponding electronic structure are much
fewer, both for theories [26-29] and experiments [13, 30].
In this chapter we report our angle-resolved photoelectron emission spectroscopy
(ARPES) studies of band structure of Ag(110) nanowires on Cu(110), whose atomic
structures have been discussed in chapter 3 of this dissertation. As described earlier, the
nanowires orientate with the long axis parallel to the [1̄10] substrate direction and posses
an anisotropic morphology with aspect ratio up to 20:1. The average width of the
nanowires varies, but can be up to ~ 200 Å, about 80 substrate lattice units. Although it
may seem that this width might not be small enough to show any nano-size effect on the
electronic structure of the nanowires, our results show quite the opposite. Specifically, as
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will be outlined below, our ARPES results display that the valence bands within the Ag
nanowire are strongly anisotropic with clear band dispersion in the along-wire direction,
but no dispersion in the across-wire direction. As will be argued below, this strongly
suggests that the valence electrons of Ag behave one-dimensionally in the lateral plane
(along the wire) and have little interaction with the lattice along the across-wire direction
(perpendicular to the wire).

5.2. Experiment
The Ag(110) nanowire system on Cu(110) was prepared and characterized by
ARPES in a UHV chamber system at endstation of the NIM (Normal Incidence
Monochromator) beamline of Center for Advanced Microstructures and Devices (CAMD,
Louisiana State University). The beamline provides high-resolution, high-flux
synchrotron radiation in range of 2 eV ~50 eV with resolving power 10,000 (high energy)
- 50,000 (low energy).
The Cu(110) crystal was cleaned in specially designed preparation chamber
equipped with instrumentation for crystal cleaning and film deposition. The cleaned and
prepared sample was isolated by a gate valve from the main ARPES chamber which had
a base pressure lower than 1 × 10–9 Torr.

In the preparation chamber, silver was

evaporated from a tungsten filament onto the Cu(110) substrates. The Ag was deposited
onto the Cu(110) crystal within a temperature range of 100 ºC ~ 150 ºC. The cleaning
was performed by repeated cycles of ion sputtering (Ne+, 5 × 10–5 Torr, 1 keV, 15 μA, at
RT for Cu) followed by annealing (550 ºC).
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The ARPES data was acquired in the main chamber by a Scienta SES200 highresolution hemispherical analyzer with incident photons in energy in range of 8 eV ~ 31
eV. This main chamber is surrounded with a μ-metal shield to reduce the effect of
environmental magnetic field. The geometry of the experiment is shown in Fig.5.1. The
incident photon beam and the analyzed photoelectron emission beam form a fixed angle
of 45º at the sample (θe + θhυ =45º). The monochromized light is p-polarized with
polarization vector P or electromagnetic vector potential A in the plane formed by the
photon beam and the analyzed photoelectron beam. The sample can be rotated around the
z-axis normal to the sample surface to be aligned to the incidence-emission plane. X̄ axis
is parallel to the [1̄10] substrate direction and the Ȳ axis is parallel to the [001] direction.
The photoelectron emission angle can be adjusted around the y-axis normal to the
incidence-emission plane. Two sets of measurements were performed in the experiment.
First was to fix the photon energy and to change the emission angle θe in range of -3.6º to
62º in step of 3.62º; another was to fix the emission angle θe to be zero, or normal
emission, and to change the photon energy in range of 8 eV to 31 eV. As described
below, the former set is used to primarily probe electrons with varying momentum
parallel to the surface, whereas the latter set probes electrons with varying momentum
perpendicular to the surface (normal emission).

5.3. Results and Discussion
The electronic structure of the Ag/Cu(110) [33-34] and Ag/Cu(001) [35-37] within
the submonolayer coverage regime have previously been studied with STM and ARPES.
These studies have elucidated the electronic dimensionality of the Ag overlayers as well
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Fig. 5.1. Geometry of the ARPES experiments.
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as nature of the bonding at the surface. For both Ag/Cu(110) and Ag/Cu(001) systems,
the surface electronic structure of both Ag and surface Cu are strongly modified from
their bulk states because of the reduced dimensionality of atomic structure or morphology.
Similarly, multilayer coverage of Ag on Cu(110) system also exhibits diverse
morphologies or epitaxial nanostructures, as shown in the chapter 3 and 4 of this
dissertation. At present, we will discuss our ARPES studies of the Ag/Cu(110) nanowires
and will argue that, similar to these other system, that the nanometer scale width of the
nanowires leads to the reduction of electronic dimensionality of the nanowires and results
in a unique Ag electronic structure.

5.3.1. Angle-Dependent Spectra: Reduced Dimensionality of Electronic Structure
In Fig.5.2 and Fig.5.3, we show angle-dependent photoelectron spectra measured on
the Ag/Cu(110) nanowire surface with nominal coverage about 21±5 ML. We estimate
the nominal coverage by comparing spectra with different deposition duration under
constant filament current with former known spectra of submonolayer Ag/Cu(110) [33,
34]. At the coverage of 16 ~ 26 ML, the surface is nearly entirely covered by the Ag(110)
nanowires with less than ~ 10% substrate surface area is covered by the Ag(111)
monolayer. The morphology of the surface is similar to that shown by the STM picture in
3.19(d). Knowing the emission angle, measured from the surface normal, of the electrons
along with their corresponding kinetic energy, the momentum of the electron parallel to
the surface can be determined as described in chapter 2. Using this procedure, for a given
peak in a spectrum (indicated by the by-eye determined marks seen in Figs. 5.2-3, both
the binding energy (EB), relative to the measured energy from EF, and the corresponding
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Fig. 5.2. Angle-dependent photoelectron spectra from Ag/Cu(110)
nanowires (21±5 ML) taken with a geometry in which the polarization of
the light is parallel to the [110] high-symmetry direction (along-wire).
The photon energy is 16 eV.
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Fig. 5.3. Angle-dependent photoelectron spectra from the same
Ag/Cu(110) nanowires in Fig. 5.2 taken with a geometry in which the
polarization of the light is parallel to the [001] high-symmetry direction
(across-wire). The photon energy is again 16 eV. Note the absence of
Ag-d-band dispersion in across-wire direction, contrasted to that of the
along-wire direction (Fig. 5.2).
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parallel momentum (k||) is determined for each peak (band). From the ARPES spectra
shown in Fig.5.2 and Fig.5.3, we can determine and map the band structure (EB vs k||) for
the two high-symmetric directions, [1̄10] and [001]. These results are shown in Fig.5.4.
A discussion of these results is found below. For convenience in our later discussion,
diagrammatic relationships between the 2-D surface Brillouin zones of the (100), (110)
and (111) surfaces of a fcc lattice and the bulk Brillouin zone [31] are shown in Fig.5.5,
and three major real-space and corresponding reciprocal-space surface structures
appeared in the Ag/Cu(110) nanowire system are shown in Fig.5.6. For example, in the
band dispersion plotted in Fig.5.4, corresponds to parallel momentum along both Γ Y
and Γ X directions of the Brillouin zone, which correspond, respectively, to a real-space
direction of perpendicular and parallel to the nanowire.
In many flat, single-component systems, it is quite easy to interpret ARPES spectra.
However there are many nuances and complexities of the present Ag nanowire system
that must be carefully explored in order to properly interpret the resulting ARPES data.
Specifically, there are two kinds of elements (Cu and Ag) and three kinds of atomic
arrangements in the Ag/Cu(110) nanowire structure. As discussed previously, the two
side-faces of a Ag nanowire is composed of repeated appearances of {111} and (110)
facets, as shown by the schematic models in Fig.3.12. Here, the top (normal) of the
nanowire is (110) face. Remember that on a surface which is not entirely saturated by Ag
nanowires, the remaining substrate surface area is covered by a single Ag(111)
monolayer. Therefore the photoelectron spectra of such corrugated surface of the
Ag/Cu(110) nanowire system are more complex than spectra of a normally smooth
surface, as shown by the schematics in Fig.5.7. There are many peaks in the spectra of
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Fig. 5.4. Band structure map for the two high-symmetry directions across the
(110) surface Brillouin zone, obtained from the same Ag/Cu(110) nanowires in
Fig. 5.2 and Fig. 5.3 at incident photon energy of 16 eV, indicating band
dispersion in the along-wire direction and absence of dispersion in the across-wire
direction.
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X

Fig. 5.5. Relation between the 2-D surface Brillouin zones of the
(100), (110) and (111) surfaces of a fcc lattice and the bulk Brillouin
zone [31].
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Fig.5.2 and Fig.5.3. Because of the nanometer scale width and height of the nanowire, the
morphology of the nanowire, and the Ag-Cu bonding nature corresponding to this
strained atomic structure, the band structure of the Ag(110) nanowire is naturally
expected to be modified, if not totally distinct, from that of the corresponding Ag bulk
band structure.
By comparing with the theoretical bulk band structures of Cu and Ag, as shown in
Fig.5.8, the peaks, as determined by-eye, in the spectra of Fig.5.2 and Fig.5.3 could be
divided into two groups according to their energies and intensities. The first group
includes peaks of A1, A2 and A3 which, when compared to the bulk band structures
shown in Fig.5.8, are Cu-related. Correspondingly, the second group includes peaks of
B1, B2, B3, C1, C2, and C3 which are assigned to Ag-related bands. The D1 peak is
hard to be categorized and may be due to the secondary edge cutoff. If D1 is indeed a
true band, it probably corresponds to be the sp band of Cu considering only the energy,
the peak intensity seems too high and the dispersion behavior seems less enough than
what the sp band should be.
From the theoretical band structure of Ag, the peaks located at the center of the
surface Brillouin zone ( Γ point), observed in normal emission, should be in range of 5 ~
7 eV for surface of (110). The peaks of B1, B2, and B3 are in energy range of 4 ~ 5 eV,
which raises a question as to which bands these peaks are derived. One explanation is
related to the surface corrugation. As shown by the schematics in Fig.5.7, for an angle
dependent spectrum with incident photons towards [1̄10] direction, there are two kinds of
emitting photoelectrons.

The first corresponds to the (110) surface and the second

corresponds to the two side facets or {111} faces; and for an angle dependent spectrum
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Fig. 5.8. Energy bands along the high-symmetry axes obtained by empirical
parameterization of electronic band structures for Cu and Ag using the Green’sfunction methods [32].
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with incident photons towards the [001] direction, there are three kinds of emitting
photoelectrons, one corresponding to the (110) face and two corresponding to the two
side facets with different emission angles of θe-α and θe+α. Therefore the photoelectrons
are possibly emitted from the band locations with higher energy and far from the original
point Γ of the surface Brillouin zone (Fig.5.8). Other possible explanations are related
to the strain and the quantum confinement. The strains caused by the lattice deformation
are certainly expected to lead to a variation in the binding energy of this unique Ag
structure, but to what degree each of the energy bands are modified is indeed open to
question. The perpendicular vertical and in-plane nanometer dimension of the nanowires
may also function as a two- or one-dimensional quantum well in which the quantum
confined valence electrons may introduce new energy levels to the energy band structure
of the nanowire crystals.
The band map in Fig.5.4 reveals the energy band structure of the nanowire crystal
obviously deviates from the bulk band structure in number, energy and dispersion
behavior of the bands. Because of the these complexities, it is nearly impossible to assign
the peaks observed in our ARUPS spectra to specific bands with known symmetry of the
Ag nanowires without detailed band structure calculations. Because of the lack of longrange translation symmetry, these calculations are formidable, but with the atomic
models found in chapter 3, it may be possible to do this with both the Ag/Cu(110) and
Ag/Ni(110) nanowire systems to elicit better specific information about the unique
electronic structure of the these nanophase materials.
In spite of this drawback, there is indeed qualitative information which can be
extracted from ARUPS data. The most obvious and fascinating feature of the angle-
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dependent photoelectron spectra in the two high-symmetry directions in Fig.5.2 and
Fig.5.3 is the absence of band dispersion along the across-wire, or perpendicular,
direction. As seen in the spectrum series shown in Fig.5.3, the various peak positions and
even intensities throughout the angle range of 0 º ~ 62 º remain nearly unchanged. The
band map in Fig.5.4 also shows the contrast dispersion behavior along the two highsymmetry directions. The angle dependent spectra for photon energy of 21 eV are shown
in Fig.5.9 and Fig.5.10, and the corresponding band map is shown in Fig.5.11. The
spectra of photon energy of 21 eV also exhibit an absence of energy dispersion along the
across-wire or [001] direction, as shown in Fig.5.10. This behavior of the nanowire band
structure in the in-plane of the sample demonstrates there is a lack of long-range lattice
periodicity, and corresponding development of Bloch waves, along the [001] direction in
the crystal because of the limited dimension of the nanowire width. On the contrary,
along the direction parallel to the nanowires, or the Γ X reciprocal lattice direction, one
can clearly see in both Fig.5.4 and 5.11 large dispersion and intensity changes of the
various Ag peaks. This parallel dispersion along the nanowires indicates a long-range
periodicity. The anisotropic difference between the in-plane perpendicular and parallel
direction indicates a truly novel reduced-dimensional metallic system. Again, this unique
electronic structure behavior is reflected by and directly correlated with the
corresponding unique atomic structure of the nanowires, which was detailed in Chapter 3.

5.3.2. Normal-Emission Spectra
Whereas the angle-dependent ARPES data outlined in the last section elucidates the
qualitative structure of the momentum parallel, or in-plane, electronic structure, normal
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Fig. 5.9. Angle-dependent photoelectron spectra from the same
Ag/Cu(110) nanowires (21±5 ML) in Fig. 5.2, taken with photon beam
towards the [110] direction (along-wire) at photon energy of 21 eV.
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Fig. 5.10. Angle-dependent photoelectron spectra from the same
Ag/Cu(110) nanowires in Fig. 5.2, taken with photon beam towards the
[001] direction (across-wire) at photon energy of 21 eV: absence of Agd-band dispersion in across-wire direction, contrasting to that of the
along-wire direction (Fig. 5.9).
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Fig. 5.2 at incident photon energy of 21 eV, indicating band dispersion in the
along-wire direction and absence of dispersion in the across-wire direction.
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emission spectra as a function of differing photon energy probe normal momentum
structure.

For example, in normal emission geometry one can see from Fig.5.5 one

probes bands with momentum along the bulk ΓK direction. A band that has dispersion
in normal emission geometry necessarily has a “bulk” component; on the other hand, a
truly 2-D system would have no dispersion perpendicular to its plane, or in normal
incidence geometry. With this said, we now look at our data of the Ag/Cu(110) system.
Specifically, the normal emission photoelectron spectra of the Ag nanowires with varied
photon energies are shown in Fig.5.12 and Fig.5.13 for incident light beams along the
[1̄10] and the [001] directions respectively. The incident angle is 45° and the light is ppolarized in the incidence-emission plane or the z-x plane in Fig.5.1. The spectra show
energy dispersion for both the perpendicular polarizations. Almost every Ag-related peak
from B1 to C3 exhibits energy dispersion, which indicates the Ag bands of the nanowire
depend on the vertical components (k⊥) of the wave vector, therefore, there is a strong Ag
4d interaction with the substrate Cu. The normal spectra and angle-dependent spectra
together indicate the electronic structure of the Ag nanowire on Cu(110) is two
dimensional in the [110]-[1̄10] vertical plane. The band maps of the off-normal spectra
with varied angle in the [110]-[1̄10] plane for photon energy 16 eV and 21 eV in Fig.5.14
show energy mismatch of the photoelectrons when incidence photon energies are
different, which is an other way clearly showing the dependence of the Ag 4d bands on
the vertical components of the wave vector. The spectra shown in Fig.5.15 are similar to
those of Fig.5.14, but the off-normal spectra were taken in the [110]-[001] plane.
The observance of dispersion of Ag bands perpendicular to the surface indicate that,
even though the Ag clusters are only nanometers high, because of coupling to the bulk
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Fig. 5.12. Normal emission photoelectron spectra from the same
Ag/Cu(110) nanowires in Fig. 5.2 taken with photon beam towards the
along-wire direction ( A [001]) at photon energy of 14 eV ~ 31 eV
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Fig. 5.13. Normal emission spectra from the same Ag/Cu(110)
nanowires in Fig. 5.2 taken with photon beam towards the across-wire
direction ( A [110]) at photon energy of 14 eV ~ 29 eV
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in Fig. 5.2 at incident photon energy of 16 eV and 21 eV.
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through hybridization, there is an absence of true “reduced-dimensionality” perpendicular
to the surface.

5.3.3. Normal-Emission Spectrum Evolution with Varied Coverages
As a final example of the unique electronic behavior of the Ag nanowire system on
Cu(110), we focus on the difference between ARPES spectra as a function of coverage.
Normal emission spectra for this system with various coverages are shown in Fig.5.16
(hν =16 eV) and Fig.5.17 (hν =21 eV). By eye, one can clearly see an evolution of the
Ag d-band energy distribution intensities along with the evolution of the surface
morphology. The Ag was initially deposited at the substrate temperature of 100 ºC ~ 150
ºC. From the STM studies of the Ag/Cu(110) film growth, as discussed in chapter 3, it is
clear that the Ag/Cu(110) film with nearly 1 ML has the pseudohexagonal Ag(111)
structure, and the Ag/Cu(110) film with 14 ML and 21 ML grown at 100 ºC ~ 150 ºC
posses a nanowire morphology wherein the substrate is covered by Ag(110) nanowire
islands surrounded by the pseudohexagonal Ag(111) structure. In the spectra for clean
Cu(110), as shown in Fig.5.16 and Fig.5.17, there are two major intensive peaks marked
by “A” and “B”. For reference, the normal emission spectra of the Cu(110) crystal taken
at varied photon energies (8 eV ~ 28 eV) and two different p-polarizations are shown in
Fig.5.18. The peak “B” with energy about 4.8 eV also appeared in the former
photoelectron emission studies of Cu(110) as peaks of 4.73 eV and 5.15 eV when the
photoelectrons were exited with light of 21.22 eV [38]. When the surface is covered by 1
ML Ag(111), the intensities of the Cu(110) peaks decrease dramatically, especially for
the case of A ⊥[¯110]. The peak “A” remains sharp until a coverage of 14 ML is reached.
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Fig. 5.16. Normal emission spectra for different nominal coverage of
Ag/Cu(110) as indicate with incident angle of 45º and hν = 16 eV.

180

Intensity (arb. units)

normal emission
hν = 21 eV
A [001]

21ML
14ML

1ML

A
B

0ML

normal emission
hν = 21 eV
A [110]

Intensity (arb. units)

21ML
14ML
1ML

A
B
0ML
-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

Energy relative to EF (eV)

Fig. 5.17. Normal emission spectra for different nominal coverage of
Ag/Cu(110) as indicate with incident angle of 45º and hν = 21 eV.
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Because most of the mass of Ag accumulates to the 3-D nanowires, there still about 1/3 ~
1/2 of the surface which is not covered by the Ag(110) nanowires, but by the Ag(111)
monolayer when coverage is 14 ML. Because the mean free path of the Cu electrons are
equal or greater than one Ag layer, photoelectrons from the Cu(110) escape through the
Ag(111) monolayer and be detected by the analyzer. As the Ag coverage is increased to
21 ML, the surface is almost entirely covered by the Ag(110) nanowires, as shown in
3.19(d). The Cu(110) peak “A” decreases to a small peak with smooth top. It is worth
noting that the peak “A” for coverage of 21 ML moves left about 0.25 eV from the
original Cu(110) peak. Considering the strains in the Ag-Cu interface, that the lateral
lattice of the Cu(110) surface between two close nanowires is compressed by the strains
(Fig.3.29(a)), the surface lattice deformation of Cu(110) due to the strains could be the
reason for the valence electrons related to peak “A” to have an increased binding energy.

5.4. Summary
Form the ARPES studies of the Ag/Cu(110) nanowire system, it is demonstrated the
electronic structure of the Ag(110) nanowire on Cu(110) considerably deviates from that
of bulk Ag band structure in energy dispersion behavior and even in increased energy
band number. The most obvious dispersion behavior is that the photoelectron spectra
show dispersion in the vertical (or (110)) and the lateral [1̄10] (or along-wire) direction,
but absence of dispersion in the lateral [001] (or across-wire) direction because of the
limited dimension of the nanowire width (~ 200 Å in average). Therefore the
dimensionality of the band structure of the Ag(110) nanowire crystal is decreased to two
dimensional in the vertical plane formed by the cross lines parallel to the vertical [110]
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and the lateral [1̄10] directions. It is obvious that the Ag/Cu(110) nanowire system, as
well as the Ag/Ni(110) nanowires system (shown in the chapter 3) are ripe modeling
systems for further theoretical studies of how the nanostructures, such as the dimension,
the shape, and lattice deformation due to the strains, etc., affect the band structures and
corresponding electronic and photonic behavior of these nanomaterials.
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CHAPTER 6. SUMMARY

The motivation of the experimental studies in this dissertation is tied to trying to
answer questions such as:
•

How do the properties of materials change when they get small?

•

How do the electronic properties of metals change upon reducing the
size/dimension (e.g. band structure, collective excitation)? Or, how do the
nanoscale atomic structural properties correlate with their electronic properties?

•

How do these properties dictate the resulting structure and/or morphology, such
as electronically-stabilized (quantum-well) films and self-assembled nanowires?

•

How do band structures and quantum-well states evolve when a metal goes
from bulk (3D) to a non-interacting monolayer (2D), to a nanowire (1D), or to a
nanocluster/atom (0D).

•

When are the driving forces and relevant energy terms which dictate the
morphology of heteroepitaxially grown ultra-thin films? Or, how do interfacial
stress/strain effects modify the kinetics and energetics of self-assembly growth
of reduced-dimensional systems?

In this dissertation, we have particularly focused on trying to understand the physics
and chemistry on one such system, namely the atomic, electronic, and morphological
properties of the Ag nanostructures, up to a coverage of approximately 30 ML, on crystal
surfaces of both Cu(110) and on Ni(110). Experimentally, we have explored these two
systems with a barrage of surface science instrumentation. The major experimental
methods we used are scanning tunneling microscopy (STM), angle-resolved
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photoelectron emission spectroscopy (ARPES), and low energy electron diffraction
(LEED), taking advantage of ultra-high vacuum (UHV) and synchrotron radiation
techniques. At first, we focused our studies on the discovery of varied nanostructures or
morphologies epitaxially self-assembled under different deposition/annealing processes
and coverages. Thereafter, we probed the atomic structures, the growth behaviors and
mechanisms of the nanostructures. We also studied the electronic structures of the
epitaxially naturally grown nanostructures.
It is interesting that the epitaxial Ag nanostructures present on Cu(110) is also
present on Ni(110) in quite similar morphologies and atomic structures. The
nanostructures are self-assembled through different kinetic routes by taking advantage of
kinetic limitations that are found on the nanoscale. The nanostructures form far from
thermodynamic equilibrium, yet are stable under the conditions that we need to
characterize them.
At nominal coverages of 1.2 ML < θ < ~10 ML, there are two epitaxial structures
present on Cu(110) and on Ni(110). One is the 2D Ag(110) multilayer film with
superstructures along the two perpendicular symmetrical substrate directions of [1̄10] and
[001] (Fig. 3.27). The superstructure is formed by height difference less than 1 Å with
lateral periodic units of eight substrate lattice constants along the [1̄10] direction and
three or four substrate lattice constants along the [001]. Another presented nanostructure,
the mostly studied, is the Ag(110) nanowires in the presence of the pseudohexagonal
Ag(111) monolayer (Fig. 3.1). The surface of Cu(110) is covered completely by Ag,
either in the form of the Ag(110) nanowires or the Ag(111) monolayer. The Ag(110)
nanowires are triangular in cross section. The two side surfaces are faceted and the long
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axis is atomically straight along the [1̄10] direction. Based on the observation, the typical
lengths are within the range of 100 ~ 5000 Å, widths range 70 ~ 300 Å, side slopes 10 ~
30 º , and heights range from 5 ~ 60 Å.

The Ag nanowires present extraordinary

anisotropy in dimensions between the two perpendicular directions of [1̄10] and [001]
with observed aspect ratios (length:width) of up to 20:1. The 2D Ag(110) multilayer is
not stable when above room temperature, which will transform gradually to the Ag(110)
nanowire morphology under annealing at temperature of 25 ~ 200 ºC (Fig. 3.19). The
LEED studies of the Ag(110) multilayer reveal the multilayer is in-registry with the
substrate along the [001] direction (Fig. 3.28). The lattice constant of Ag(110) is
compressed 11% to commensurate to the Cu(110) lattice along the [001] direction. The
lattices of Ag(110) is not in-registry with the substrate along the [1̄10] direction, along
which direction seven Ag lattices cover the superstructure periodic unit of eight substrate
lattices. The Ag(110) nanowires are also in-registry with the substrate along the [001]
direction, may have some dislocations to partially release strains, and not in-registry with
the substrate along the [1̄10] direction. The nanowire morphology is stable at temperature
up to at least 200 ºC.
At coverages of ~ 10 ML < θ < ~25 ML, there are also two different morphologies
for the Ag overlayer, either the coexistence of the Ag(110) nanowires with an intervening
Ag(111) monolayer, or a Ag(110) atomically-flat film, but both of them are stable at
temperature up to at least 200 °C and do not transform from one to the other. When
deposited at a substrate temperature of 25 °C ~ 200 °C, the Ag atoms form the Agnanowires; but when deposited at the substrate temperature of < -5 °C followed by
annealing at 100 °C ~ 200 °C, the Ag(110) atomically-flat film forms with some pits as
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deep as down to the substrate (ref. Fig. 4.1 for Ag/Ni(110) and Fig. 4.3 for Ag/Cu(110)).
The Ag/Cu(110) film is epitaxially aligned the substrate lattice constant along the [001]
direction, therefore the film is compressed and strained parallel to the same direction. The
film relaxes its strains by modulating the vertical lattices through a one-dimensional
quasiperiodic superstructure along the [001] direction (ref. in Fig. 4.6-4.8, and Fig. 4.10),
that some atomic rows along the [1̄10] direction are higher than the other rows in the
range of ~0.5 Å to form stripes on the surfaces. There are two basic separations of the
stripes: one is three lattices wide (~11 Å) and the other is two lattices wide (~7 Å).
The growth of the nanowires is believed to be driven by the elastic lattice mismatch
strain field along the [001] direction. To decrease or avoid the strain energy of the
Ag(110) multilayer, the atoms prefer to claim up to form nanowires up to 40 layer high,
in which nanowires the upper are free of strains. The fascinating anisotropic surface
structures and strain field arise due, in part, to the 2-fold symmetry of the substrate that
gives rise to unique lattice matches and mismatches for Ag on Cu(110) and Ni(110).
The growth of the Ag(110) atomically flat film at coverages of ~ 10 ML < θ < ~25
ML, initiated from the incompletely crystallized nanocluster overlayer deposited at low
temperature of -5 °C, is believed to be driven by, other than the conventional elastic
strain mechanism, the newly found electronic growth mechanism, relevant to electron
quantum confinement in the vertical direction by the interface and the surface exposed to
vacuum. At first, the film coverage is too thick that the Ag atoms stick to each other
everywhere on the substrate surface and impossible to form any large-enough uncovered
area by the nanocluster multilayer for nucleation of the initial stage of the nanowire.
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Second, the atomic flatness of the flat-film is formed by the tendency to be a magic
thickness based on the electron growth mechanism.
The ARPES studies of the Ag/Cu(110) nanowire system demonstrated the
electronic structure of the Ag(110) nanowire on Cu(110) considerably deviates from that
of bulk Ag band structure in energy dispersion behavior and even in increased energy
band number. The most obvious dispersion behavior deviation is that the photoelectron
spectra show dispersion in the vertical (or (110)) and the lateral [1̄10] (or along-wire)
direction (Fig. 5.2, 5.9, 5.12, 5.13), but absence of dispersion in the lateral [001] (or
across-wire) direction (Fig. 5.3 and 5.10) because of the limited dimension of the
nanowire width (~ 200 Å in average). Therefore the dimensionality of the band structure
of the Ag(110) nanowire crystal is decreased to one dimensional in the vertical plane
formed by the cross lines parallel to the vertical [110] and the lateral [001] directions.
Through the studies of such simple systems with only two elements and one surface,
i.e. Ag/Cu(110) and Ag/Ni(110), we have illustrated the diversity of existing
nanostructures of the systems. Some are metastable at room temperature, such as the Ag
nanowires and the atomically flat Ag film. We expect more unique properties, such as the
optical properties of the Ag nanowires, will be found from the nanostructures of the
Ag/Cu(110) and Ag/Ni(110) systems. Further studies on the growth behaviors and
mechanisms will help to grow similar nanostructures in other systems, such as metal on
semiconductor systems. It is obvious that the Ag/Cu(110) and the Ag/Ni(110) nanowires
are good modeling systems for theoretical studies of correlation between the
nanostructure, such as the width, the side slope, and the lattice deformation due to the
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strains, etc., and the electronic structure or the corresponding physical (electronic, or
optical, etc.) properties of the nanomaterials.
Our researches of the nanostructures of the two systems demonstrate again that, in
the nanoscale world, the atoms can self-assemble or naturally grow nanostructures with
ordered shape, size, orientation, and even spatial distribution. Most of the nanostructures
are metastable. The kinetic process/mechanism plays a key role in the growth of the
nanostructures. The nanostructures, with unique morphologies and nanoscale dimensions,
possess unique properties that are quite different from properties of those corresponding
bulk forms. In the nanoworld or the mesoscopic world, the materials present much more
diverse morphologies, structures, and properties than the materials in the macroscopic
world. Following deeper and more widespread discoveries and explorations of novel
nanostructures and corresponding properties, there must be more and more applications
of the nanoscience knowledge, which is anticipated to produce tremendous economic
benefits and will widely affect our daily life in areas such as electronics, photonics,
energy conservation, environment preservation, medical diagnosis and treatment, etc.
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APPENDIX A: TABLES OF MEASURED DIMENSIONS OF THE AG
NANOWIRES ON CU(110)

Table A.1. Measured dimensions of the short Ag nanowires on
Cu(110) (3ML at 25ºC) in Fig. 3.9,11-12.

Length (A)
76.99
77.55
89.11
89.12
91.7
92.45
93.26
97.18
100.16
100.37
102.24
103.24
103.82
106.72
107.33
112.91
113.78
115.92
116.18
117.94
118.1
118.71
119.46
121.47
122.34
123.81
125.9
126.18
128.97

Slope (deg.)
12.0
16.5
21.4
18.6
10.7
21.3
17.3
14.6
19.6
15.1
20.8
12.9
15.8
13.8
13.6
17.0
13.1
18.9
22.7
14.9
16.0
17.7
12.6
7.8
22.1
16.8
20.6
21.8
20.9

Height (A)
6.61
6.14
7.61
9.71
5.89
7.7
7.91
7.09
10.24
7.43
9.66
8.36
9.83
7.51
8.3
7.48
9.72
11.26
9.11
8.3
6.41
12.7
10.46
4.45
11.16
11.94
8.06
10.22
10.18
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Width (A)
65.98
57.6
56.62
77.04
63.09
62.11
60.48
58.63
72.8
76.96
67.91
88.72
72.91
72.9
70.2
62.19
93.1
78.39
63.88
79.89
70.09
88.84
97.93
69.26
70.9
89.86
73.69
77.67
82.26

Table A.1.(cont.)

Length (A)
128.99
131.22
131.36
131.92
132.56
133.16
133.74
135.12
139.03
139.18
140.72
141.78
142.53
144.38
146.86
147.75
149.41
150.05
151.64
151.8
156.43
161.73
163.15
163.18
164.79
167.45
173.37
176.43
176.61
181.35
182.31
187.06

Slope (deg.)
18.2
13.2
15.2
22.1
16.5
15.6
18.9
14.3
13.9
18.2
21.2
25.5
19.7
13.9
15.5
16.2
17.2
24.3
18.9
20.5
16.7
23.8
23.2
16.6
21.2
14.4
21.6
20.9
20.4
9.9
18.1
16.7
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Height (A)
8.93
8.91
10.83
12.47
9.79
8.19
6.98
9.33
6.15
13.67
9.74
8.83
11.24
8.12
8.61
9.51
8.57
12.21
8.63
10.68
7.26
7.43
11.23
10.48
11.8
7.93
9.92
8.43
8.31
6.59
9.45
11.78

Width (A)
87.16
85.7
90.96
88.14
80.85
73.86
58.27
75.68
64.51
92.18
65.62
65.17
88.94
69.9
90.8
83.86
77.82
68.89
68.99
86.49
75.63
60.4
77.93
79.18
100.6
68.42
76.79
70.36
62.64
71.2
63.52
81.1

Table A.1.(cont.)
Length (A)
187.06
187.13
193.19
194.43
195.02
195.32
202.36
206.65
209.11
211.96
212.48
214.81
218.5
219.75
219.97
230.35
234.52
237.68
244.32
245.17
257.49
261.55
271.78
276.34
276.7
281.79
288.44
293.24
328.49
329.8
333.93
388.36

Slope (deg.)
16.7
21.7
17.0
15.9
18.3
19.7
15.6
18.4
20.9
21.0
18.1
18.9
21.3
15.6
20.8
17.2
15.5
21.1
20.0
19.2
16.2
26.9
23.0
23.7
18.4
28.6
22.9
21.9
21.1
23.8
24.9
20.3
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Height (A)
11.78
11.62
9.89
9.59
9.11
9.99
7.67
11.64
10.84
10.36
9.65
11.58
11.89
12.21
13.82
9.83
11.47
11.58
12.13
13.25
13.72
14.24
13.46
15.23
14.27
15.5
16.91
12.42
15.39
16.11
16.5
13.59

Width (A)
81.1
97.65
78.3
65.36
66.77
71.26
62.3
84.44
76.35
80.26
67.5
77.79
88.06
86.41
89.79
80.22
97.43
74.92
74.27
87.69
104.69
104.75
104.79
84.53
108.34
87.55
95.29
82.36
90.12
89.95
94.32
84.07

Table A.2. Measured dimensions of the long Ag nanowires on
Cu(110) (3ML at 120ºC) in Fig. 3.9,11-12.

Length (A)
370.34
402.22
460.21
527.32
549.55
562.13
761.35
780.16
834.43
949.81
961.05
1033.5
1071.86
1089.64
1130.12
1225.13
1424.23
1664.91

Slope (deg.)
24.6
24.2
23.6
22.4
25.9
27.5
29.6
25.4
23.7
26.6
24.2
28.2
31.2
25.4
27.9
25.9
31.6
25.7

Height (A)
34.92
42.12
38.52
25.01
38.11
36.16
25.62
28.74
36.74
33.91
30.11
36.8
29.28
31.43
24.29
28.45
31
38.42

196

Width (A)
155.91
157.44
169.79
131.69
141.51
144.64
152.19
175.85
182.21
165.07
211.16
155.86
161.71
175.51
161.75
192.6
150.63
162.75

APPENDIX B: SOME INTERESTING STM PICTURES FROM OUR
EXPERIMENTS
B1. Double-Tip and Multi-Tip
To scan the nanowires by STM will encounter a problem, double-tip or multi-tip
image, which is seldom encountered by scans on normal smooth surface. Because the
surface including nanowires has a corrugation about 30 Å, the nanowires frequently
scanned by more than one clusters on the very-end of tip. As shown by the SEM
photographs of a tip very-end in Fig. A.1(a) and Fig. A.1(b) [1], the very-end of the tip is
about the size of micrometer. As shown by the schematic of a tip apex, there are usually
several clusters on the apex. In the normal case of the surface to be atomically smooth,
one of the clusters carries tunnel current. In detail, the outmost atom carries more than
90% tunnel current as discussed in section 2.1.1. However, when surface is corrugated,
such as the surface with nanowires, some of the clusters on the tip apex carry tunnel
current. Each of the clusters will result in a STM image. Therefore we will obtain final
STM image consisting of some similar images one on the other with a small shift, as
shown by Fig. A.2 ~ Fig. A.5. One way to get rid of those multi-tip clusters is to perform
the tip cleaning by applying a tunnel voltage of 5V in a short time repeatedly until one
cluster is left.
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(c)
d ~ 1 nm
D ~ 1μm

Fig. A.1. (a) SEM images of an electrochemically etched, polycrystalline W tip
after a high temperature flash at T > 2200 K; (b) high-resolution SEM image of
the very end of the tip in (a), [1]; (c) suggested schematic of the tip apex, the
micrometer scale very-end of the tip has some nanometer clusters attached on it,
one or some of which carry tunnel current.
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(a)

400 Å

(b)

400 Å

Fig. A.2. STM images of AgCu(110) nanowires deposited 6 ML at 40 ºC: (a)
double-tip STM image, (b) normal STM image measured right after measuring
the image in (a) at the same location.
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400 Å

A

B
A

Fig. A.3. Double-tip STM images of AgCu(110) nanowires deposited 12 ML at
50 ºC. From the similarity and difference in smoothness of the near-by nanowires,
such as the wire-couple marked by “A” and “B”, the image is recognized to be
image scanned by two different tips, or there were two protruding clusters at
different locations of the tip end which sensed the tunnel current.
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B

A
C

400 Å

Fig. A.4. Multi-tip STM images of AgCu(110) nanowires deposited 3
ML at -25 ºC followed by annealing at room temperature. The biggest
nanowire was detected by multi-tip (“A”), the medium nanowire was
detected by triple-tip (“B”), and the smaller was detected by double-tip
(“C”), but the surface area without the nanowires was scanned as the
normal STM image, with Ag(111) overlayer featured domain boundary
trough along the [001] direction (nearly parallel to the step edges).
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(a)

1000 Å

(b)

1000 Å
Fig. A.5. Multi-tip STM images of AgCu(110) nanowires deposited 12 ML
at -60 ºC followed by annealing at 300 ºC : (a) double-tip image, (b) multitip image, which was scanned right after scanning the image in (a). The
images show the nanowires were broken by the high annealing temperature
tending to form large unordered clusters.
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B2. “Inverted” Image
One other interesting phenomena was encountered when measuring the Ag(111)
overlayer on Ni(110) at 0.8 nA that the images seem “inverted” . It seems more natural
for the images if the lower locations were higher and the higher were lower. The exact
reason is still unclear.
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0Å
10 Å

10 Å

10 Å

Fig. A.6. STM images of the Ag(111) overlayer on Ni(110), different
scans at 0.8 nA/66mV. The images seem “inverted”.
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B3. “Transparent” Layer
One time we got some STM images of the Ag(111) overlayer on Ni(111) that there
are some locations of the surface having extra layer on top of the Ag(111) overlayer. It is
interesting that the extra layer is half transparent showing the structure of the underlying
Ag(111) overlayer, as shown by the STM images in Fig. A.7 and Fig. A.8. One possible
reason is the extra layer is unstable and thermally vibrates when scanning at -10 ºC. The
positions of the atoms of the extra layer are averaged by the thermal motion, but the
corrugation of the underlying Ag(111) overlayer are detected because the thermally
vibrated atoms move conforming to the corrugated surface of the Ag(111) overlayer.

B4. References
[1] M. Bode, Rep. Prog. Phys. 66, 523 (2003), Fig. 10.
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A

40 Å

Fig. A.7. STM images of the Ag(111) overlayer on Ni(110), scanned at
0.18 nA/2.1 mV and temperature -10 ºC. The layer, marked by “A”, on top
of the Ag(111) seems transparent.
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A

40 Å

Fig. A.8. Another “transparent” STM images of the Ag(111) overlayer on
Ni(110), the same sample as that in Fig. A.7, scanned at 0.18 nA/2.1 mV
and temperature -10 ºC.
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